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Corrosion damage of girder ends is a prevalent problem throughout the United States.
Heavy section loss is often located beneath leaking expansion joints, which deposits water and
chlorides on the girders and accelerates corrosion. Section loss at these critical locations may be
detrimental to the bearing capacity of the girder. Current repair methods are costly, time
consuming, and disruptive to traffic. A new repair method has been developed by the University
of Connecticut and the Connecticut Department of Transportation for corroded steel bridge girder
ends. The proposed repair method consists of encasing the corroded steel area with ultra-high
performance concrete (UHPC). The UHPC panel is bonded to the steel girder end using headed
shear studs welded to the non-corroded portions of the web. The shear studs provide a secondary
load path that allows forces to bypass the corroded region through the UHPC panel. The repair is
intended to recover the original bearing capacity of the corroded girder.
This research study focused on the full-scale investigation of the application and
performance of the UHPC repair method to rehabilitated corroded steel plate girders. The goal of
the research was to develop recommendations for the design and construction of the repair for field
implementation. The research project was divided into four research tasks: 1) design and construct
an experimental program for three large-scale tests on different UHPC repairs for damaged plate
girders, 2) experimentally test full-scale plate girder specimens in a three-point bending test setup to examine the structural performance of the repair, 3) analytically validate the performance of
the repair for various configurations and geometries, and 4) investigate the behavior of an
alternative repair design. Several design guidelines have been proposed for the UHPC repair to
allow engineers to develop and implement the repair method for a wide variety of existing
conditions. The results of this research have culminated in the deployment of this repair on two
major highway bridges in Connecticut and Rhode Island.
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1 Introduction

1
1.1

Introduction
INTRODUCTION

The following study documents the full-scale evaluation of a novel repair method for corroded
steel bridge girder ends using ultra high performance concrete (UHPC) encasement. The UHPC
repair panel is bonded to the girder through headed shear studs welded to the undamaged steel
portions of the web. The repair may be used to recover bearing capacity, which was reduced due
to steel section loss induced by corrosion. The UHPC repair has several advantages over the
competing methods, which are documented in this report. UHPC was chosen as the repair material
because of its proven strength and durability, which is far superior to conventional concrete. The
research presented is part of a major three-phase research project conducted by the University of
Connecticut to develop and implement this novel repair method. The project is funded by the
Connecticut Department of Transportation and the Federal Highway Administration. The three
phases included: 1) a feasibility study and proof-of-concept through third-scale experiments, 2)
experimental and analytical full-scale evaluation of the repair performance, and 3) field
implementation of the repair. The first phase is documented in ConnDOT Report CT-2282-F-152; project number SPR-2282 as well as two papers (Esmaili Zaghi et al. 2015; Zmetra et al. 2017a;
Zmetra et al. 2017b). The information presented in this report is for the work completed under
Phase II of the research project titled “Repair of Steel Beam/Girder Ends with Ultra High-Strength
Concrete.” This report presents Part 2 of this project which includes the full-scale experimental
evaluation of the performance of the repair on corroded steel girders evaluating different
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geometries and existing conditions. Analytical validation of the UHPC repair method is also
presented.
1.2

BACKGROUND AND PROBLEM STATEMENT

In 2017, the American Society of Civil Engineers (ASCE) released a Report Card grading the state
of America’s Infrastructure (ASCE 2017). The infrastructure earned a poor overall grade of a D+.
The bridges in the United States were awarded a grade of a C+. The average age of these bridges
was 42 years when this report was released. 9.1% of the bridges maintained in the United States
had a structurally deficient rating in 2016. ASCE estimated a $123 billion backlog for the
rehabilitation and replacement of all the structurally deficient bridges. This overwhelmingly high
estimate is due in part to the current cost of repair methods. New, innovative, and cost effective
repair solutions are necessary to improve the structural integrity and service life of existing bridges.
In 2016, the total number of structurally deficient bridges maintained in the United States
was 56,007 (FHWA 2016). Approximately four out of ten of these bridges have exceeded their
50-year design life. Corrosion damage of civil structures is one of the largest growing problems.
Approximately 50% of the structurally deficient bridges use a steel superstructure. Structural steel
corrodes when exposed to oxygen and moisture. The extent of corrosion is dependent on time,
temperature, humidity, exposure, and the presence of chemicals (Albrecht and Hall Jr 2003). The
chief accelerator of corrosion damage in transportation infrastructure systems is deicer chemicals
used to control ice and snow on roadways in cold-climate regions (Shi et al. 2009). Corrosion
damage is the cause of approximately 15% of the structurally deficient bridges maintained in the
United States. Koch et al. (2002) estimates that the United states spends $273 billion on corrosion
maintenance annually; $8.3 billion of which goes to repair and replacement of highway bridges.
The National Association of Corrosion Engineers released a report estimating that $2.5 trillion or
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3.4% of the global gross domestic product is spent annually on corrosion maintenance (Koch et al.
2016).
Extensive corrosion of bridge girders is most commonly found directly beneath deck
expansion joints, which are usually located above girder supports at abutments and piers as shown
in Figure 1.1 (Kayser and Nowak 1989; Usukura et al. 2013; Van de Lindt and Pei 2006). Purdue
University completed an extensive investigation on the performance of expansion joints. Common
problems cited with expansion joint systems were water leakage and deterioration at bridge
bearings (Chang and Lee 2001). Figure 1.2 shows a girder end with corrosion damage beneath the
expansion joint and a girder that has been repair because of corrosion damage. Once the expansion
joint starts to fail, runoff and salt begin to leak on the girder ends below from the road above.

Figure 1.1: Typical corrosion damage of girder ends beneath the expansion joint
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Figure 1.2: Corrosion damage and conventional repair method
The girder ends are typically subjected to significantly large forces as they transfer the
bearing loads from the girder to the abutment or piers. Corrosion of steel girder ends can result in
significant section loss of the web and flanges, which reduces the bearing capacity of the member.
Several research projects have been conducted on the performance of steel girders with corrosion
damage. Liu et al. (2011) studied the effect of corrosion height and thickness on shear capacity of
steel I-girders near bridge supports. The results showed the height of corrosion had a more
significant impact on the capacity of the girder compared to the length of corrosion. Ahn et al.
(2013a) performed large scale experiments and extensive analytical studies on the performance of
plate girders with simulated corrosion damage. The study determined the shear capacity of the
plate girders drastically decreased when the corrosion pattern intersected the tension field in the
girder’s end panel. Yamaguchi and Akagi (2013) completed more analytical studies of the effect
of corrosion damage on the load carrying capacity of I-girders. They found the reduction in loadcarrying capacity was more detrimental if the corroded region had a free boundary. Khurram et al.
(2014b; 2014a) investigated the performance of plate girders with corrosion damaged webs and
bearing stiffeners. Experimental tests and finite element analyses (FEA) using Abaqus were
completed to determine the loss in bearing capacity. The results indicated that a 50% reduction of
4
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the bottom section of the web decreased the bearing capacity by 39%. Tohidi and Sharifi (2016)
investigate the ultimate strength and buckling behavior of steel plate girder ends based on the
height of corrosion on the web, width of corrosion on the flange and the thickness loss ratio. The
study concluded that the web thickness ratio and the height of the corrosion damage on the web of
the girder had the most significant impact on the load bearing capacity. Wu et al. (2017) conducted
experimental studies on steel I-beams with local corrosion damage. It was concluded that the
reduced section due to corrosion caused the girders to web local yielding and experienced smaller
deflections.
1.3

CURRENT REPAIR SOLUTIONS

The conventional repair methods for restoring the bearing capacity are costly, labor- and timeintensive, and disruptive to the service of the bridge. These methods involve removing the
corroded steel section and replacing it with new steel or adding cover plates after intensive cleaning
of the corroded surfaces. The Federal Highway Administration and several Departments of
Transportation (DOTs) have developed standard procedures to repair corroded steel girder ends:
1) jacking the structure to relieve the load from the bearing, 2) cutting out the corroded section of
steel, 3) welding or bolting a new steel section into place, and 4) lowering the span and remove
the jacking equipment (Figure 1.3) (FLDOT 2011; Rossow 2003 ; Wipf et al. 2003; WisDOT
2015). The conventional repair method requires extensive manual labor. Jacking of the
superstructure is required in order to provide a stress-free condition for implementation of the
repair. Jacking often constitutes a large percentage of the project cost. For a bearing replacement
project on the Putnam Bridge in Connecticut, 50% of the project cost was due to jacking (Close
2011). Figure 1.3(c) shows the extent of the rigorous jacking systems needed to raise and lower
superstructures during repair. Jacking towers are indicated with an arrow. Surface preparation is
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also required before removing the corroded steel and welding new steel. Preparation requires lead
abatement if the existing paint is lead-based.
Several studies have investigated the feasibility of a variety of repair methods for corroded
steel girder ends using materials such as carbon fiber-reinforced polymer (CFRP) sheets, epoxy
resin and high-strength grout. The concept of CFRP strengthening of damaged steel has shown
promise due to the high strength, durability, and lightweight nature of the material. Ahn et al.
(2013b) and Miyashita et al. (2015) completed extensive experimental and analytical studies on
the application and performance of carbon fiber-reinforced polymer (CFRP) sheets. CFRP sheets
can be applied over localized corrosion at steel girder ends to recover bearing and shear capacities.
The load carrying capacity of the CFRP repaired corroded girder surpassed that of an undamaged
girder (Miyashita et al. 2015). Encasing corrosion damaged regions in different cementitious and
epoxy based materials has emerged as an effective repair method for situations where steel has
experienced heavy section loss. Ogami et al. (2015) developed a repair method where studs and
rebar are attached to the girder and the corroded end is encased in an epoxy-based resin. Axial
compression tests were conducted on the girder ends to measure bearing capacity. Applying the
resin repair to corroded girder ends was able to improve the bearing capacity of the specimen. Wu
et al. (2018) investigated welding stiffeners, angles, and threaded rods to the web and stiffener
plates and encasing the damaged area in a thin layer of high strength grout. These studies
demonstrate potential for developing more effective repair techniques using high-performance
materials. Nevertheless, the added cost and construction complexities have impeded their broader
implementation.
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Figure 1.3: Conventional Repair Method for corroded girder ends including jacking of the
superstructure during construction
New, cost effective rehabilitation designs are necessary to make corrosion repair projects
more viable for bridge owners. New techniques must be structurally effective, durable, and easy
to implement. Ideally, these solutions should eliminate the need for jacking of the superstructure,
lane closure, and extensive surface preparation to significantly reduce the time and cost of the
repair. The proof-of-concept phase of the research project conducted on the feasibility of
developing a repair using UHPC was completed in 2015 (Zaghi et al. 2015; Zmetra 2015). The
results showed that the composite action between the shear studs and the UHPC panel allows the
bearing force to bypass the corroded portion of the web. The UHPC provided improved tensile
strength, high early strength, good workability, and superior durability, which made it an ideal
repair material over conventional concrete. Half-scale experiments were conducted on an
7
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undamaged, a damaged, and a repaired rolled steel girder shown in Figure 1.4. The test results
were used to: 1) determine the decrease in bearing capacity due to section loss, 2) demonstrate the
ability of the UHPC repair to restore lost girder capacity, and 3) investigate the constructability of
the repair method. The experimental results concluded that the UHPC repair was easily
implemented and succeeded in restoring the bearing capacity lost due to corrosion damage. The
UHPC repair not only restored the as-built bearing capacity of the girder, but showed potential to
be implemented in-situ eliminating the need for jacking of the superstructure and reducing
construction time.

Figure 1.4: Phase 1 Experimental Tests– a) Undamaged Girder, b) Damaged Girder, & c)
Repaired Girder
1.4

HISTORY OF ENCASED COMPOSITE GIRDERS

Previous research was performed on a similar composite girder system where concrete was placed
on the web of steel girders in between the top and bottom flange. The concept of concrete-encased
steel beams was originally proposed by Elnashai et al. (1991) as a novel beam-column design for
buildings. A small cage of rebar was welded to the interior section of the girder and was filled with
concrete. Nakamura extended this idea to bridge plate girders and concentrated on the beam’s
performance in shear and bending (Nakamura et al. 2002; Nakamura and Narita 2003). Rebar was
welded between the flanges and stiffeners. Stiffeners were installed at the center bearing to resist
shear and hogging moments. A full web height concrete panel was cast between the flanges and
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stiffeners to improve bending and shear strength of the girder. Hyashi et al (2003) noted this
composite beam method could be used to rehabilitate steel girders which have experienced
deformations from buckling. He et al. (2012a; 2012b) extended this method to encase a steel girder
with an offset, corrugated web with concrete on only one side in order to improve the shear strength
of the girder. Jiang et al. (2017; 2016) conducted experimental studies on partially encased
continuous composite beams. The beams included longitudinal and transverse steel reinforcement
in between the web and the flanges. The composite connection was made by headed shear studs
welded to the web of the girder. The results indicated that the partially encased composite concrete
beam was able to postpone yielding of the bottom flange, prevent local buckling of the girder, and
increase the stiffness and flexural capacity of the girder.
1.5

ADVANTAGES OF UHPC MATERIAL

UHPC is a relatively new construction material, which offers a unique potential as a repair material
compared to conventional concrete. UHPC has recently gained traction in bridge design and
construction practices and has been extensively studied by the FHWA on several research project
(De la Varga et al. 2018; De la Varga et al. 2016; Graybeal 2006; Haber et al. 2018; Russell and
Graybeal 2013). Steel fiber reinforced UHPC, a.k.a UHPFRC, offers significant advantages
compared to conventional concrete specific to this repair design. These advantages have been well
documented including high compressive and tensile strengths, superior fatigue resistance,
exceptional durability, and unique rheological properties. Two different UHPC mixes were studied
in this research both manufactured by LafargeHolcim: Ductal® JS1000 and Ductal® JS1212. The
material properties of both of these UHPC mixes have been documented (Ductal 2017a; 2017b).
The ductal JS1212 mix may achieve compressive strength as high as 12 ksi (82.7 MPa) in as little
as 12 h at a curing temperature of 120°F (49°C). This reduced curing time allows for minimal lane
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closures and traffic delays during construction. The Ductal JS1000 mix is slower setting, but
ultimately reaches a higher compressive strength.
The UHPC has high tensile strength due to the inclusion of steel fibers in the concrete mix.
The fibers also provide a large post-cracking capacity and ductile behavior after cracking. Figure
1.5(b) shows a concrete cylinder used to determine compressive strength of the UHPC. Figure
1.5(c) shows how the steel fibers bridge micro cracks in the concrete to improve the compressive
and tensile strength of fiber reinforce UHPC. The high tensile strength and ductility of UHPC
eliminate the need for additional reinforcing bars and improve the performance under bending
moments. The superior fatigue performance of UHPC and shear connectors embedded in UHPC
increase the expected design life compared to conventional concrete (Cao et al. 2017; Classen et
al. 2016; Feldmann et al. 2011; Grünberg et al. 2008; Shaheen and Shrive 2008). The durability of
UHPC would also yield a longer service life as UHPC is 60 times less permeable than conventional
concrete (Abbas et al. 2016; Kruszewski et al. 2019). UHPC has proven durability when exposed
to moisture, freeze-thaw conditions, and abrasion. The impervious nature of UHPC would protect
steel elements embedded in the UHPC from corrosion damage. The rheological properties of
UHPC allow it to be easily poured into tight formwork and encase complex geometries of beam
ends. The UHPC ready mix significantly reduces onsite complications and inconsistencies with
the constructability and performance of the repair. Figure 1.5(a) shows the results of a slump test
with UHPC and the flowability of the material compared to other concrete materials. The Ductal
JS1000 mix is more viscous than the Ductal JS1212. This was one of the primary reasons to test
both mixes to identify any construction concerns, which may arise during casting of a more viscous
material.
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Figure 1.5: Material Testing of UHPC – a) good flowability, b) high compressive strength, & c)
added tensile strength from steel fibers
The superior characteristics of UHPC may justify the added costs of the material. The small
volume of UHPC needed for the repair only introduces a small additional dead load to the girder,
which is carried directly into the bearing without affecting shear and flexural demands on the
girders. Compared to the conventional repair, the UHPC repair may be applied to the in situ
condition of the bridge without the need for jacking of the superstructure. The repair may be used
to provide a secondary load path to service live load demands while the remaining steel section
continues to carry in situ stresses. In addition, UHPC’s low permeability and corrosion resistance
would prevent the need for further repairs.
UHPC has been cited for its advantages as a repair material in several projects. UHPC has
been used to retrofit deteriorated and seismically deficient concrete piers and abutments by
encasing them in a thin layer of UHPC (Doiron 2016). This technique was used to repair corroded
steel bent legs for bridge approach spans. It was noted that encasing the corrosion in UHPC would
mitigate future corrosion because of the enhanced durability of UHPC. Due to the high tensile and
compressive strength of UHPC, connections using UHPC require a smaller thickness and
development lengths of dowel bars to achieve the target capacity of the design (Graybeal 2014;
Haber and Graybeal 2018b; Yaun and Graybeal 2014; Yuan and Graybeal 2015). An alternative
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to current expansion joint replacement has been proposed and implemented using a field-cast
UHPC link slab to provide a durable seal for expansion joints without attracting significant
structural loads (Graybeal 2017). UHPC has been used as an overlay to rehabilitate deteriorated
reinforced concrete bridge decks. Another research project is currently investigating the feasibility
of rehabilitating deteriorated reinforced concrete beams with a thin strip of UHPC to restore
flexural capacity (Murthy et al. 2018). These are just a few applications demonstrating the
advantages of UHPC and the potential to use the material to solve several critical problems with
our crumbling bridge infrastructure.
1.6

METHODOLOGY

The overall scope of this research project was to evaluate the performance of the UHPC repair for
a variety of different scenarios and optimize the final design. Optimization of the design is
important to facilitate the implementation of the repair for different geometries and configurations
of bridges. This will prevent the need for tedious, individualized designs for specific bridges and
geometries; instead, it will provide a set of repair guidelines that may be adapted to each individual
project. The results of this project will allow the repair to be effectively implemented on actual
bridges with a significant reduction in overall project repair costs. This study was developed to
accomplish the following:


Demonstrate that jacking is not required in order to implement this repair method



Provide a time frame, if any, where the bridge must be closed to traffic



Optimize the design and develop standard drawings and calculations



Test the long-term durability of the repair



Assist the Connecticut Department of Transportation (ConnDOT) with the design of the
repair for field implementation.

12

1 Introduction

Evaluation of the repair was conducted through a series of experimental tests along with a
set of high fidelity finite element (FE) simulations. The full-scale experimental test included
several push-out tests to assess the interaction between shear studs cast into the UHPC repair panel.
For the push-out tests, the shear studs were welded to the thin web of the girder as opposed to the
thick flange, which is most common. These tests have been complete and the results are presented
by Kruszewski et al. (2018a; 2018b; 2019). Experimental tests were conducted on full-scale plate
girders to investigate the performance of different repair geometries. The results for the
experimental tests were validated with FE models, which may then be used to test different
configurations and various parameters. The experimental and analytical evaluation of the full-scale
tests conducted on plate girders with the UHPC repair are presented in this report. The results from
both the experimental and analytical studies may be used to create a design guide to allow
engineers to implement the design. Figure 1.6 show a rendering of the proposed repair method.

Figure 1.6: Schematic of the application of the proposed UHPC repair method on a corroded
plate girder
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1.7

FULL-SCALE UHPC TESTS

The research presented is required in order to provide engineers and state and government officials
with the confidence to consider the UHPC repair method as a viable alternative. The research
focused on the full-scale evaluation of the performance of the repair method to restore the bearing
capacity of corroded steel plate girders to gain confidence and experience on the constructability
and structural behavior of the repair prior to field implementation. The goal of the research was to
experimentally validate the full-scale performance of the UHPC repair method to rehabilitate
corrosion damaged girders with different geometries and configurations as well as address
potential construction and long term durability concerns. A series of four full-scale experiments
were conducted on plate girders in the University of Connecticut Structures Laboratory. The
experimental program investigated the effect of simulated corrosion damage on the bearing
capacity of a plate girder and ability of the proposed repair to restore the as-built capacity. One of
the four plate girders tested was exposed to simulated section loss with no repair. This girder was
referred to as the Baseline girder. Three girders with comparable levels of section loss were
retrofitted with different UHPC repair configurations. The repaired girders are referred to as Full
Height 1, Full Height 2, and Half Height. All three repairs included 28 headed shear studs welded
to the intact, undamaged portion of the web. The Full Height 1 repair used Ductal JS1000 UHPC.
The Full Height 2 and Half Height repairs used Ductal JS1212. Full-scale analytical models were
developed in LS-Dyna to validate the experimental results and provide a platform for evaluation
of different repair designs and configurations. The four main objectives of this research were to:
1. Highlight critical structural components of the repair
2. Develop design recommendations and guidelines
3. Demonstrate the constructability of the repair for various conditions
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4. Provide alternative options for complex designs.
The results will be examined to assess the structural performance of the repair, identify best
construction practices, and confirm the feasibility of implementing the repair under service loads.
The report is divided into a total of six chapters. The second chapter details the design and
construction of the experimental tests including the test set up, test specimens, and testing protocol.
The third chapter explains the instrumentation used to monitor the experimental tests. The fourth
chapter elaborates on the experimental results and observations of each of the four tests as well as
presents relevant data. The fifth chapter explains the development of the finite element models and
a comparison between the analytical and experimental results. A summary of the entire project as
well as major conclusions and suggested design considerations are provided in the sixth chapter.
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2
2.1

Design and Construction of Full-Scale Experimental Tests
INTRODUCTION

This chapter describes the design and construction of the test setup of the full-scale experimental
tests. First, a detailed explanation of how the experimental test specimen size and geometry were
chosen is presented. Second, an overview of the investigation into corrosion damage is explained
including evaluation of existing inspection reports and typical corrosion damage observed in the
field. Then, the design and fabrication of the plate girder specimens is described. The fourth part
details the experimental test set up including modifications that were required for the existing test
frame and different components that were included in testing. The fifth part discusses the design
of the UHPC repair for each of the test specimens. The sixth part elaborates on the construction of
the UHPC repair including welding of the headed shear studs, building the formwork, casting the
UHPC panel, and curing of the UHPC. The final section details the testing procedure for each of
the test specimens. This chapter will highlight aspects that are most critical to understand prior to
field implementation of the repair.
2.2

SELECTION OF SPECIMENS

The goal of this research project was to evaluate the performance of the proposed UHPC repair
technique for field implementation to rehabilitate corroded steel bridge girders. Therefore, it was
imperative that the specimens tested represent the girders in need of repair in terms of size and
geometry. The Connecticut bridge inventory was used to collect a complete summary of the
existing bridges in the state and their current condition. The Connecticut Department of
Transportation granted the research team access to the ProjectWise system to review the design
drawings and inspection reports for bridges which fit the criteria set for typical bridges in need of
16
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bearing end repair due to corrosion damage. The ProjectWise System functions as the ConnDOT
project inventory database containing all design and construction drawings as well as inspection
reports for the State of Connecticut. Many of the bridges that have experienced heavy corrosion
damage of girder ends and are in need of repair are welded plate girders constructed 50-70 years
ago between 1950 and 1970. Bridges constructed during this time period are at or have exceeded
their original design life. The drawings for plate girders constructed during this time period were
reviewed to determine accurate sizes and dimensions of the girders. Complete relevant data from
the review of the Connecticut bridge inventory is summarized in Table 2.1.
It was determined that these entries accurately represent the larger selection of bridges
where the UHPC repair may be applicable. The bridges vary in year built, span length, number of
spans, and average daily traffic. A statistical approach was used to select 35 bridges from the over
4,200 bridges in CT to accurately represent the overall population. From the drawings, geometric
information and common details were reviewed and summarized to be used in the creation of
standard repair details. Generalized geometries were created for each structure type by combining
the information from all of the selected designs.
Table 2.1: Selected plate girders (units: kip, in)
CT
Bridge
Numbe
r
58a

Year
Built

Web
Thick

Beam
Dept
h

D/t

Stiffene
r
Spacing

d0/D

Kmin

Vcr

Cel

Vp

C

Vn

1958

0.375

54

144.0

36

0.67

16.25

414

0.892

470

0.845

396.9

104d

1959

58

154.7

42

0.72

14.54

345

0.692

505

0.692

349.0

250

1958

42

96.0

35.76

0.85

11.90

619

1.469

426

1.000

426.3

818

1963

0.375
0.437
5
0.375

52

138.7

36

0.69

15.43

408

0.914

452

0.855

386.7

956b

1960

0.375

60

160.0

42

0.70

15.20

349

0.676

522

0.676

352.9

3096

1965

0.375

62

165.3

54

0.87

11.59

257

0.483

539

0.483

260.3

Test

2016

0.375

52

138.67

40

0.77

13.45

356

0.796

452

0.796

360.2
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The primary advantage of welded plate girders over rolled girders is the flexibility in the
size and dimensions of the members. Therefore, the goal of the design of the experimental plate
girder specimens was to accurately represent a large number of diverse designs. After reviewing
the drawings, it was found that for a large variety of plate girder designs the ratio of girder depth
(D) to web thickness (tw) was fairly consistent of the bridges reviewed, the average D/t w (Depthto-web thickness) ratio was 144. The ratio of the stiffener spacing (d0) to web depth (D) was also
consistent. The average d0/D (Stiffener Spacing-to-Depth) ratio was 0.74. Therefore, these average
geometric properties were used to design the test specimens to represent typical bridges in
Connecticut.
2.3

TYPICAL CORROSION DAMAGE

In order to accurately capture the extent and pattern of corrosion damage, inspection reports from
over 30 bridges in Connecticut were examined. The bridges chosen had either a plate girder or
rolled girder steel superstructure. The investigation was not limited to primarily plate girders in
order to get a wider representation of the typical corrosion damage patterns that exist for bearing
ends of steel girders. Each of the bridges studied varied by span length, average daily traffic,
overall width, and several other factors. The length, width, and depth of corrosion damage in the
bridges evaluated varied from surface rust to full perforations of the steel at isolated locations.
After an in-depth review of the inspection reports, it was confirmed that there was a common
pattern of heavy corrosion damage at the end of the girders beneath the expansion joints which has
been previously observed (Kayser and Nowak 1989; Usukura et al. 2013; Van de Lindt and Pei
2006).
Of all the bridges reviewed, the corrosion damage varied significantly and was highly nonuniform and unpredictable. Through, after an in-depth review of the inspection reports, several
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consistencies were found. First, a radial shape caused by the corrosion damage was observed at
the base corroded web and flange. Figure 2.1 and Figure 2.2 show the radial shape of the corrosion
damage of a bridge in CT (AI-Engineers 2016; TranSystems 2014). This is typical because water
pools on the flange of the girder near the weld or fillet of the girder and deteriorates the steel in a
semi uniform manner. Heavy corrosion damage was typically isolated to the bottom 5 in. (127
mm) of the girder and typically extended past the end of the bridge bearing.

Figure 2.1: Typical Corrosion Damage of Bridge 1224 (TranSystems 2014)

Figure 2.2: Typical Corrosion Damage of Bridge 3094 (AI-Engineers 2016)
2.4

DESIGN OF PLATE GIRDER SPECIMENS

2.4.1 Overall Geometry
Based on the design drawings and inspection reports reviewed of Connecticut bridges, a final
design was chosen for the experimental plate girder specimens to accurately represent typical
bridges. The final design of the plate girder was completed based on the original design of a 55
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year old, typical highway overpass bridge in East Hartford, CT, Bridge #00818 (ConnDOT 2015).
An image of the bridge is shown in Figure 2.3. The web depth of the specimen was 52 in. (1.32
m) (D) with a web thickness (tw) of 0.375 in. (9.5 mm) and a stiffener spacing (d0) of 40 in. (1.02
m). These dimensions corresponded to a D/tw ratio of 139 and a d0/D ratio of 0.77, which is within
the target design range for bridge designs in Connecticut. The width of the flanges (bf) was 18 in.
(457 mm) and the thickness of the bottom flange (tbf) was 1 in. (25.4) and the thickness of the top
flange (ttf) of 1.5-in. (38.1 mm). The top flange had a larger thickness than the bottom flange in
order to provide additional resistance from lateral torsional buckling (LTB), similar to a composite
concrete deck. This shifted the plastic neutral axis higher in the section. The girder was welded
with 5/16-in. (7.9 mm) welds between the web, flanges, and stiffeners. The end panel of the girder
had two different size stiffeners. The web stiffeners were 6-in. (152-mm) wide and 0.375-in. (9.5mm) thick. The bearing stiffeners were 6-in. (152-mm) wide and 0.5-in. (12.7-mm) thick. The
dimensions of the plate girder cross section and elevation are shown in Figure 2.4 and Figure 2.5.

Figure 2.3: Bridge #00818 in East Hartford, CT
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Calculations were completed to determine the shear strength of the specimen design. The
controlling shear capacity of the end panel was calculated using AASHTO Article 6.10.9.3 for
shear resistance of a steel I-section under flexure (AASHTO 2012). The shear resistance equations
were used for the plate girder specimens to calculate the expected and plastic capacity of the test
specimens. The major dimensions and the calculated capacities of the “test” girder are shown in
Table 2.1. The expected and plastic shear capacity of the girder was calculated using the following
equations:
𝑉𝑛 = 𝐶𝑉𝑝

(1)

𝑉𝑝 = 0.58𝐹𝑦𝑤 𝐷𝑡𝑤

(2)

𝐶=

1.57 𝐸𝑘
𝐷 2
( ) 𝐹𝑦𝑤
𝑡𝑤

𝑘 =5+

5
𝑑 2
( 0)
𝐷

𝐷

𝐸𝑘

𝑤

𝑦𝑤

when 𝑡 > 1.4√𝐹

(3)

(4)

The calculated values shown include the nominal shear strength (Vn), the plastic shear resistance
(Vp), the ratio of the shear buckling resistance to the shear yield strength (C), the expected yield
strength of the web (Fyw), the modulus of elasticity of steel (E), the buckling ratio (K), and the
elastic shear buckling capacity (Vcr). The shear strength of the plate girder specimens was
necessary to determine the anticipated maximum strength of the entire experimental system
including the capacity of the strong floor, the capacity of the load frame, and the capacity of the
instrumentations (load cells). The expected yield stress of the ASTM A36 steel web was estimated
to be 40 ksi (276 MPa). The nominal shear capacity of the plate girder design was calculated to be
1,600 kN (360 kip).
The length of the plate girder was chosen based on several factors including the expected
capacity of the end panel of the plate girder, the location of the floor bolts in the strong floor, the
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position of the load frame, and ease of fabrication and construction. The plate girder span length
was 207.75 in. (5.28 m). from end bearing stiffener to end bearing stiffener. In order to evaluate
the capacity of the end panel, the girder was tested in a three point bend test set up. A point load
was applied at 3/10th of the span closest to end panel in need of repair since the end panel is the
critical portion of the girder which is experiencing heavy corrosion damage. The plate girder
specimens included a permanent end and the test panels connected by a splice connection. The
splice connection was included to allow the test panels to be easily attached and detached for
different test specimens and will be described in the following section. The permanent end of the
girder included two additional 1.5-in. (38.1-mm) stiffeners beneath the point of loading to prevent
local damage. The 0.375-in. (9.5-mm) thick web stiffeners of the permanent end were spaced 36
in. (914 mm) apart. The permanent end bearing stiffener was 1.5-in. (38.1-mm) thick. A three
dimensional illustration of the plate girder design is shown in Figure 2.6.

Figure 2.4: Cross section of the plate girder design
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Figure 2.5: Elevation of the plate girder design

Figure 2.6: 3D illustration of the full-scale plate girder specimen
2.4.2 Splice Connection
In order to simplify construction and testing of each of the specimens, a splice connection was
incorporated to allow the girder to be separated into a permanent section and a test section. The
splice connection was included directly after the end panel of the girder to allow the end panel
with corrosion damage in need of repair to be interchangeable. Thus, each experimental end panel
specimen could be attached, tested, and removed from the permanent end to allow for a new test
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specimen to be attached. Therefore, the entire plate girder length would not need to be discarded
after each test.
The splice connection was placed after the web stiffener before the point of loading. The
splice was designed to carry the total plastic shear and moment capacity of the plate girder. The
splice connection was checked for shear and bearing of the bolts and yielding, rupture, and block
shear of the web and flanges based on the design of steel splice connections (AISC 2011). The
splice connection was designed as slip critical connection to ensure a rigid assembly between the
two ends to allow for a realistic load transfer of forces through the end panel. A slip critical
connection would also prevent any movement or damage from occurring within the connection,
limiting all damage to the end panel. In order to ensure that the connection was slip critical, the
bolts had to be tightened to a specified pretension force. Direct Tension Indicator (DTI) washers
were used to determine when the bolts were pretensioned to achieve the desired force. A total of
40 ASTM A490 structural bolts were used for the web splice and 20 ASTM A490 bolts were used
for both the top and bottom flange.
Figure 2.7a shows an A490 bolt used for the splice connection with a DTI washer. Figure
2.7b is a photo of the splice plates used for the web and flange connections. The flange splice
plates on the left and right side of the image are 0.75-in. (19.1-mm) thick, so that the total thickness
of the flange splice plates was equal to the thickness of the top flange, which was 1.5 in. (38.1
mm). Both of the web splice connection plates were 0.375-in. (9.5-mm) thick. The construction of
the splice connection is shown in Figure 2.7c & d. The bolts were pretensioned using an IngersollRand pneumatic torque wrench as shown in Figure 2.7e & f. The orange die from the DTI washers
can be seen squirting out from the DTI washer in Figure 2.7e due to the desired pretension force
being achieved.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.7: Construction of the splice connection
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2.4.3 Plate Girder Fabrication
The plate girders were fabricated from new steel provided by Infra-Metals Co. in Wallingford, CT.
The new steel was both normal strength, Grade 36, and high strength, Grade 50, steel. The 3/8-in.
(9.5-mm) thick web and web stiffeners were ASTM A36 steel with a yield strength and tensile
strength of 47.9 ksi (330 MPa) and 69.6 ksi (480 MPa), respectively, from mill specifications
provided by the steel supplier. The 0.5-in. (12.7 mm) thick bearing stiffener was ASTM A36 steel
with a yield strength and tensile strength of 51.1 ksi (352 MPa) and 72.6 ksi (501 MPa),
respectively, based on mill specifications. The 1-in. (25.4-mm) thick bottom flange was ASTM
A572 steel with a yield strength and tensile strength of 70.2 ksi (484 MPa) and 76.6 ksi (528 MPa),
respectively, based on mill specifications. The 1.5-in. (38.1-mm) thick top flange was A572 with
a yield strength and tensile strength of 53.5 ksi (369 MPa) and 79.6 ksi (549 MPa), respectively,
based on mill specifications. The steel strength are summarized in Table 2.2.
The plate girders were fabricated by United Steel, Inc. from East Hartford, CT, a
professional steel fabricator, who has extensive experience with fabrication of plate girders to
ensure a high quality of craftsmanship. Figure 2.8a & b show the end panel test specimens. Figure
2.8c & d show the permanent end plate girder. The assembled plate girder with the spliced
connection is shown in Figure 2.9a & b.
Table 2.2: Yield and Tensile Strength of Steel Material from Mill Specifications
Plate Thickness
(in. (mm))
0.375 (9.5)
0.5 (12.7)
1 (25.4)
1.5 (38.1)

Yield Strength
(ksi (MPa))
47.9 (330)
51.1 (352)
70.2 (484)
53.5 (369)

Tensile Strength
(ksi (MPa))
69.6 (480)
72.6 (501)
76.6 (528)
79.6 (549)
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(a)

(b)

(c)

(d)

Figure 2.8: Plate girders fabrication by United Steel
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(a)

(b)
Figure 2.9: Assembled plate girder prior to testing
2.4.4 Simulated Corrosion Damage
Once the plate girders were fabricated, corrosion damage was introduced to each of the
experimental end panels at the bearing. Section loss was applied to the web, bearing stiffener, and
bottom flange to replicate the corrosion profiles found in the inspection reports that were reviewed.
One of the primary goals of implementing the corrosion damage to the girders was to ensure that
the section loss was non-uniform typical of corrosion damage found in the field. In previous
research studies, corrosion damage has been modeled as a uniform section loss of equal thickness
and height to simplify fabrication and analytical modeling (Miyashita et al. 2015; Wu et al. 2018;
Zmetra et al. 2017a). Because the uniform corrosion is not representative of filed conditions, in
this study a non-uniform corrosion pattern was introduced to each of the girders through
sandblasting and metal grinding. The sandblasting of the plate girders is shown in Figure 2.10.
Another advantage of this method was that it preserved the condition of the end panel, for the
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previous phase of this research project, the end portion had to be removed from the girder in order
to introduce the section loss through CNC milling . This introduces added complexity because the
girder consists of two separate pieces welded together which is not the typical condition found in
the field and may affect the transfer of forces through the member.

Figure 2.10: Sandblasting of the plate girders to introduce damage
Based on the inspection reports that were evaluated, only two limitations were used for
introducing the corrosion damage section loss: 1) the corrosion damage did not extend higher than
5 in. (127 mm) above the bottom flange and 2) the corrosion damage extended at least 2 in. (50.8
mm) past the end of the bearing. In order to simulate the most extreme case of corrosion damage
of the steel girders, a target minimum section loss of 66% of the web thickness and 50% of the
bearing stiffeners was targeted. This corresponds to approximately 0.125-in. (3.18 mm) reduction
of steel thickness on each face of the web and stiffener. The simulated corrosion damage of the
web and stiffener is shown in Figure 2.11. However, the target section loss was not a limitation.
During implementation of the simulated corrosion, 100% section loss and full perforations were
achieved in isolated locations. Small portions of the web plate were fully removed, similar to the
holes observed in several inspection reports. This extreme corrosion was targeted to represent
severe corrosion damage experienced in the field and to reduce the bearing capacity of the plate
girder significantly to evaluate the effectiveness of the repair. The four plate girders had a similar
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pattern and level of corrosion damage, but the individual surface thicknesses of each of the
specimens was recorded by 3D scanning the damaged region.

Figure 2.11: Final sample corrosion profile of the experimental specimens
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2.4.5 Deck Haunch and End Diaphragm
Two additional components were included in the design of the experimental specimens, not for
structural concerns, but to serve as construction constraints. The full-height plate girders included
a partial concrete deck with a haunch at the bearing end and diaphragm C-shape welded to the
bearing stiffener to simulate construction obstructions that may be encountered in the field. The
concrete haunch had a 7.5-in. (191-mm) thick deck with a 4.375-in. (111-mm) dropped haunch
measured from the top of the top flange to the top of the end diaphragm. The haunch was a total
of 28.5-in. (724-mm) long perpendicular to the top flange, which corresponds to a 5.25-in (133mm) over hang on either side measured from the edge of the top flange to the edge of the haunch.
The width of the haunch was 15 in. (381 mm), measured parallel to the top flange from the end of
the girder towards midspan. A 12-in. (305-mm) long, C15x33.9 steel shape was welded to the
bearing stiffener directly below the haunch, so that the concrete haunch was resting on the end
diaphragm. The size and dimension of the end diaphragm and concrete deck haunch were designed
based on the design drawings and inspection reports reviewed for bridges in Connecticut. The halfheight repair only included the C-shape end diaphragm, not the concrete deck haunch.
For the full height repair, the end diaphragm would pose a complexity for forming of the
UHPC repair and the concrete haunch would be an obstacle for casting. Since the Half Height
UHPC repair did not require as high of a panel, only the c-shape was included as an obstacle for
casting. The bottom of the C-shape diaphragm was 34 in. (864 mm) above the bottom flange,
approximately 8 in. (203 mm) above the top of the Half Height UHPC panel. The concrete deck
haunch and the C-shape end diaphragm are shown in Figure 2.12.
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Figure 2.12: Concrete Deck Haunch and C-shape
2.5

DESIGN OF THE UHPC REPAIR

As described by Kruszewski et al. (2018a; 2018b), the interaction between the headed shear studs
and the UHPC panel is the primary mechanism to transfer load from the web to improve the
bearing capacity of the girder. The demand on the girder is transferred through the shear studs
welded on the intact portion of the web to the UHPC panel to relieve stress on the corroded web.
The performance of the repair is dependent on the layout and number of shear studs. The number
of studs needed is calculated based on the target capacity of the repair and the capacity of a single
shear stud. The demand load of the repair may be calculated using two different methods: strength
design and capacity design. Strength design is typically used to calculate the required capacity of
structural members based on the loads that they are required to carry. Capacity design allows the
repair to carry the full, as-built bearing and shear capacity of the original girder.
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For the purpose of the experimental tests, the UHPC repair for the plate girders was
developed using capacity design. The shear capacity of the plate girder was found using AASHTO
as described in the previous section and was found to be 360-kip (1600-kN). The plate girders
were designed to carry the full shear capacity of the end panel of an undamaged plate girder.
2.5.1 Headed Shear Studs
The number of studs required for the repair was calculated based on the capacity of a single headed
shear stud. Kruszewski et al. proposed the following capacity formulation for studs welded on a
0.375-in. (9.5-mm) thick web and embedded in UHPC based on experimental push-out tests:
𝑃𝑛 = 𝐴𝑠𝑐 𝑓𝑢 + 0.16(𝛽𝑓𝑐′ − 0.983)𝑓𝑐′ 𝑑𝑏2

(5)

Where Pn is the nominal shear capacity of a stud, Asc is the area of the stud shank, fu is the ultimate
tensile strength of the stud, fc’ is the compressive strength of the UHPC, db is the nominal diameter
of the stud shank, and β is a constant taken as 0.0119 or 0.0822 for SI and US units, respectively.
The studs were 0.5-in. (12.7-mm) diameter, 2-in. (50.8-mm) long headed shear studs with a
specified ultimate tensile strength of 65 ksi (448 MPa). The minimum design compressive strength
of the UHPC used for design was 20 ksi (138 MPa). Therefore, the nominal shear capacity of an
individual stud was calculated to be 15.8 kip/stud (70.3 kN/stud). Kruszewski et al. (2018a;
2019)found that the strength equations in AASHTO 6.10.10.4 provided conservative strengths for
headed studs embedded in UHPC compared to studs embedded in regular strength concrete. For
the design of the three experimental plate girders, the capacity formulations developed by
Kruszewski et al. were used to provide a more accurate estimate of the strength of the repair.
However, for designs for field implementations, the capacity formulations presented in AASHTO
6.10.10 for shear connectors should be used to deliver a conservative design.
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The total number of studs required to restore the shear capacity of the plate girder was
calculated by dividing the nominal shear capacity of the girder by the design shear capacity of a
single stud as shown:
𝑁=𝜑

𝑉𝑛
𝑠𝑐 𝑃𝑛

(6)

Where φsc is the resistance factor for shear connectors taken as 0.85 as specified by AASHTO
6.5.4.2. The required number of studs for the repair was 27.
Two different design approaches were taken for the three UHPC repaired plate girders.
Two full-height repairs and one half-height UHPC repairs were designed. Both of the repairs met
certain design recommendations for stud layout based on the push-out tests conducted by
Kruszewski et al. (2018a; 2018b). The application of the studs was restricted to a minimum spacing
of 4db, where db is diameter of the stud which corresponds to 2 in. (50.8 mm) for a 0.5-in. (25.4mm) diameter stud. The minimum distance from the end of the girder, stiffeners, and deteriorated
zone was restricted to a minimum of 4db as well. The minimum clear cover from the head of the
stud to the outer edge of the may be as small as 0.24 in. (6 mm). For all three repair designs, the
shears studs were welded in four columns of seven studs on opposite sides of the web and bearing
stiffener. Each column of studs was staggered horizontally and vertically in order to avoid welding
studs back-to-back on the web and to minimize bearing stresses on the thin web plate. All of the
studs were welded on the intact portion of the web.
The two full-height repairs were referred to as the Full Height 1 and Full Height 2 repair.
The layout for the shear studs for the two full-height repairs varied. The first row of studs for the
Full Height 1 repair was welded 1 in. (25.4 mm) higher than the Full Height 2 repair, 10 in. (254
mm) above the bottom flange compared to 9 in. (229 mm). The first row of studs for the Half
Height repair was placed 10.25 in. (260 mm) above the bottom flange. The full-height repairs had
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a horizontal stagger of 2 in. (50.8 mm) and a vertical spacing of 5.5 in. (140 mm) for each column
of seven studs. The Half Height repair had a horizontal stagger of 2 in. (50.8 mm) and a vertical
spacing of 2.25 in. (57 mm). All three of the designs had a side cover of approximately 2 in. (50.8
mm) and a top clear cover of 4.25 in. (108 mm). The design of all three repairs show the flexibility
of spacing and layout of the shear studs for designs that require a large number of tightly spaced
studs. The final designs of full-height repairs and Half Height repair are shown in Figure 2.13.
2.5.2 Ultra-High Performance Concrete
Two commercially available UHPC materials were used for the experimental tests. Both of the
UHPCs were developed by LafargeHolcim: Ductal JS1000 and Ductal JS1212. The Ductal JS1000
is the high strength, slower setting UHPC mix. The JS1212 is the fast setting, more flowable UHPC
mix. The primary difference between the two mixes is that the JS1212 sets in a matter of hours,
while the JS1000 may take as long as 24 hours to set. However, after approximately seven days of
curing, the JS1000 gains a higher strength than the JS1212. The JS1000 is more viscous and less
flowable than the JS1212 which may pose some construction concerns. The Full Height 1 repair
used the Ductal JS1000. The Full Height 2 and Half Height used the JS1212.
The full-height repair panels encased approximately 90% of the height of the web and
measured approximately 46 in. (1170 mm) by 13.125 in. (333 mm) by 12.5 in. (318 mm) for a
total approximate volume of UHPC of 4.37 ft3 (0.124 m3) as shown in Figure 2.13a & b. The width
was selected to create a symmetric column of UHPC encasing the entire end of the girder end
centered about the bearing. There was a clear cover of approximately 0.375 in. (9.5 mm) between
the edge of the bearing stiffener and the edge of the UHPC panel. The half-height repair panel
encased approximately 50% of the height of the web and measured 26 in. (660 mm) by 13.125 in.
(333 mm) by 12.5 in. (318 mm) for a total approximate volume of 2.47 ft3 (0.07 m3) as shown in
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Figure 2.13c. All of the UHPC repairs were required to gain a compressive strength of 21.7 ksi
(150 MPa) before testing; the minimum compressive strength to be defined as UHPC.

(a)

(b)

Figure 2.13: UHPC repair designs – a) full-height repair, b) half-height repair
2.6

IMPLEMENTATION OF THE UHPC REPAIR

The repairs were implemented under representative field conditions with minor adjustments for
laboratory application. The goal was to construct the UHPC repair using construction practices
typically observed in the field under realistic conditions. The implementation and construction of
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the repair was completed to investigate the feasibility and ease of adopting these practices for field
application of the novel repair.
2.6.1 Welding of Headed Shear Studs
Nelson Stud Welding H4L Headed Concrete Anchors were used for the repair. The headed shear
studs were 0.5-in. (12.7 mm) diameter and 2-in. (50.8-mm) long. The material conformed to
ASTM A29 and AWS Type B headed concrete anchors. The studs were tested at the Unviersity of
Connecticut according to ASTM A370 in order to determine their material properties (ASTM
2017b). The yield strength and tensile strength were found to be 47.9 ksi (330 MPa) and 69.6-ksi
(480 MPa), respectively. The studs were welded with a stud welding gun by a certified iron worker
at United Steel, Inc. according to AWS standards. The standard procedure for stud welding is
detailed by Kruszuwski et al. (2018b). A large current is passed through the studs causing the base
of the stud and the web to melt and then fuse to form a weld collar bonding the stud to the web.
The stud welding application is shown in Figure 2.14a. The molten steel of the weld collar is
formed by a ceramic ferrule, which is placed at the base of the stud. The ceramic ferrules at the
base of the stud are shown in Figure 2.14c. The ferrules used for the experimental tests were for
horizontal application, which means that the studs are welded vertically on a base steel plate. This
is not the process that would be conducted in the field since the studs will be welded horizontally
to the vertical web of the girders. However, Kruszewski et al (2018b) conducted push-out tests on
shear studs welded with both horizontal and vertical application ferrules. The results were
comparable for the two tests, therefore the direction of welding does not have a significant effect
on the performance of the studs, and therefore for ease of fabrication, the studs were welded with
horizontal application ferrules.
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The base steel surface for the web of the plate girder was new steel with a mill scale finish.
The push-out tests were conducted on old steel that was sandblasted clean. It is recommended that
the surface condition of the steel for stud application be Power Tool Clean, SSPC-SP 3. The studs
were welded with a field accuracy of 0.125 in. (3.18 mm) with a maximum allowable accumulated
error of 0.25 in. (6.35 mm). The final condition of one of the studs and the weld collar are shown
in Figure 2.14d. Figure 2.15 shows the final arrangement of the studs welded on the three fullscale repaired girders.

(a)

(b)

(c)

(d)

Figure 2.14: Welding application of headed shear studs – a) stud welding application, b)
stud welding machine, c) welded studs with ferrules, d) final welded s tud
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Figure 2.15: Final stud arrangement – a) Full Height 1 Repair, b) Full Height 2 Repair,
c) Half Height Repair
2.6.2 Construction of UHPC Formwork
The concrete casting forms were made from standard plywood and 2x4 timbers to facilitate the
design of future field implementations. The aim of the design was to model the construction based
on conventional concrete forming techniques. This would allow current concrete contractors to
easily construct the forms. The plywood was cut to shape using a CNC plywood milling machine
in order to ensure that the plywood was precisely sized. For both of the full-height repairs,
adjustments were required to accommodate the end diaphragms. Notches were cut out of the
plywood to allow them to be installed around obstructions such as the end diaphragm. The plywood
forms were connected and braced with 2x4s and wood screws. The forms were constructed as two
independent halves, so that they could be attached to either side of the web. The half-height and
full-height formwork are shown in Figure 2.16a & b, respectively. The wood formwork in contact
with the UHPC should have a non-absorbing finish to prevent the wood from absorbing moisture
from the concrete during curing and also allowing for the formwork to be easily removed.
The formwork for the repairs needed to be watertight because of the flow properties of the
UHPC. Compression seals, epoxy, and caulk were used to seal and fill any gaps in the formwork,
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especially in the corroded region. The compression seals and formwork prior to epoxying are
shown in Figure 2.16c & d. The end diaphragm obstruction also needed to be sealed. Due to the
complex geometry of the end diaphragm, an oversized gap was cut out of the formwork. The larger
portion of the hole in the formwork was sealed with a foam plug, which was cut to the same
dimensions as the hole. The foam piece epoxied in its final position is shown in Figure 2.16f.
The forms were secured to the beam using 0.5-in. (12.7-mm) diameter threaded bars used
to clamp the two separate forms on opposite sides of the web. Holes were drilled in the web in
order to pass the threaded bars unobstructed from one side of the girder to the other. For the full
height repairs, three threaded bars were used. 0.563-in. (14.3-mm) diameter holes were drilled in
the web at heights of 8 in. (203 mm), 20-in. (508 mm), and 32 in. (813 mm) above the bottom
flange. For the Half Height repair, only two threaded bars were used at 8 in. (203 mm) and 20-in.
(508 mm). The final condition of the threaded bars passing through the web for the half height
repair is shown in Figure 2.16e.
After the formwork was completely installed, construction caulk was used to seal all
interfaces between the formwork and the steel beam. The formwork was applied over 36 hours
prior to casting to allow the epoxy and caulk to cure. The final state of the full-height and halfheight formwork is shown in Figure 2.17 and Figure 2.18, respectively.
For future implementation, other construction techniques may be used as long as they
provide a watertight seal to prevent leaking of the UHPC. The construction method used for the
full-scale experimental tests is on potential option which was chosen. Drilling of small holes in the
web was not found to have a significant affect the performance of the girder, however alternative
approaches may be taken in the field to secure the formwork such as bracing the forms using
adjacent beams or securing the forms to the bottom flange and the end diaphragm to avoid drilling
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additional holes in the web of the girder. The time between attaching the formwork and casting
the UHPC is also dependent on the type of adhesive used. The caulk or epoxy used to seal the
formwork should have a reduced curing time, so that the UHPC may be cast with minimal wait
time. Fast curing adhesives may be used to minimize construction durations.

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 2.16: Construction of repair formwork

Figure 2.17: Full height repair formwork

Figure 2.18: Half Height repair formwork
2.6.3 Casting of UHPC
The UHPC was cast in accordance with recommendations from the manufacturer LafargeHolcim.
As stated in the previous section, two different UHPC mixes were used: Ductal JS1000 and Ductal
JS1212. The higher strength, more viscous UHPC, JS1000, consisted of a premix powder with
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silica fume, ground quartz, sand, and cement (Ductal Dark Grey = JS1000), water, Premia 150 (a
modified phosphonate plasticizer), and high strength steel fibers. The steel fibers were 0.5-in.
(12.7-mm) long and 0.008-in. (0.2-mm) diameter with a tensile strength greater than 290 ksi (2000
MPa). The fiber content used was 2% by volume. The material quantities for the mix of the Full
Height 1 repair with JS1000 are shown in Table 2.3. The total volume of the mix was 0.2 yd3 (0.15
m3).
The more flowable, faster curing UHPC, JS1212, included a premix powder with silica
fume, ground quartz, sand, and cement (Ductal Light Grey = JS1212), water (50% water, 50%
ice), Premia 150 (a modified phosphonate plasticizer), Optima 100 (a modified polycarbonxylate
high range water-reducer), Turbocast 650A (a non-chloride accelerator), and high strength steel
fibers. The ice was added to in order to improve the workability and delay initial set since the mix
may set in as little as 30 minutes after turnover. The material quantities for the mixes of the Full
Height 2 and Half Height repairs with JS1212 are shown in Table 2.4 and Table 2.5, respectively.
The volumes of the Full Height 2 and Half Height repair mixes were 0.19 yd3 (0.15 m3) and 0.12yd3 (0.09 m3), respectively.
Table 2.3: Mix Proportions for Full Height 1 repair of 0.2-yd3 of Ductal JS1000
Ductal JS1000
Premix
Water
Premia 150
Steel Fibers – 2%

Weight (lb)
750
39
10.25
53.3
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Table 2.4: Mix Proportions for Full Height 2 repair of 0.19-yd 3 of Ductal JS1212
Ductal JS1212
Weight (lb)
Premix
700
Water/Ice
40.3
Premia 150
5.74
Optima 100
3.83
Turbocast 650A
7.32
Steel Fibers – 2%
49.75
Table 2.5: Mix Proportions for Half Height repair of 0.12-yd 3 of Ductal JS1212
Ductal JS1212
Weight (lb)
Premix
700
Water/Ice
40.3
Premia 150
5.74
Optima 100
3.83
Turbocast 650A
7.32
Steel Fibers – 2%
49.75
An Imer Mortarman 750 MBP concrete mixer was used for mixing of the UHPC as shown
in Figure 2.19a & b. The industrial high shear portable concrete mixer is capable of mixing a
maximum UHPC volume of 5 ft3 (0.14 m3). The total capacity of the mixer is 16 ft3 (0.45 m3) for
regular strength concrete. Due to the high shear demand for the UHPC material during concrete
turnover, the volume is limited.
The mixing procedure for the JS1212 consisted of adding the premix powder to the mixer
and allowing it to mix dry to break up any clumps. After approximately two minutes of dry mixing
or when all visible clumps were broken up, the Premia 150 and Optima 100 were mixed into the
water and the liquid mixture was slowly added to the premix powder in about 2 minutes. The
premix and water mixture were allowed to mix for 5 minutes. The Turbocast 650A was added in
about 1 minute. Once the mix had turned over and was paste like, the steel fibers were added and
allowed to mix for two minutes until the fibers had been dispersed throughout the mix. A similar
procedure was used for the JS1000 mix without adding the Optima 100 and Turbocast 650A. All
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three mixes turned over in less than 10 minutes. The rheological and self-consolidating properties
of the UHPC can be seen in Figure 2.19b, c, d, e, and f.
The rheological properties of the UHPC were tested using the ASTM C1437 Test Method
for Flow of Hydraulic Cement Mortar as recommended for UHPC field-cast connections according
to ASTM C1856 (ASTM 2015; 2017a). The flow test is designed to ensure that the mix has the
correct consistency. The fresh properties of UHPC are usually a very good indicator on the
performance of the mix upon full cure. The flow test requires that all UHPC mixes have a spread
between 7-10 in. (178-254 mm). For UHPC slight modifications are required for the test procedure
for ASTM C1437. The use of the bronze flow table is not necessary and it is recommended that
no table drops be performed. The spread of the Full Height 1 repair cast (JS1000) was 7.75 in.
(197 mm) as shown in Figure 2.19g. The spread for the Full Height 2 and Half Height repair casts
(JS1212) were both approximately 9.75 in. (248 mm) as shown in Figure 2.19h.
The final conditions of the three UHPC repaired girders after the formwork was removed
are shown in Figure 2.20.

(a)

(b)
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(c)

(d)

(e)

(f)

]
(h)

(g)
Figure 2.19: Casting of the UHPC repairs
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(a)

(b)

(c)

Figure 2.20: Completed UHPC repair – a) Left to right: Full Height 2, Full Height 1,
Half Height, b) Full Height 2, c) Half Height
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2.6.4 Simulation of Truck Vibration
To evaluate the possible effect of live load induced vibrations during casting, an innovative
measure was taken to evaluate a potential construction concern for field application of the repair.
Applying vibrations during the curing process of UHPC was evaluated for shear stud push-out
tests to determine if any negative effects were observed on the shear stud-UHPC interactions
(Kruszewski et al. 2018b). The full-scale effect was also investigated. An electro-dynamic mass
shaker was mounted on the top of the partial concrete deck above the Full Height 2 repaired girder
(JS1212) to simulate service-level vibrations. An acceleration time history of vibration data from
a bridge in Windham, CT was collected to use as the signal input for the vibration. The bridge had
a rolled steel girder superstructure with steel bearings. Accelerometers were installed on the top
flanges of the girder at the bearing using magnets. Vibration data was collected for several traffic
waves that consisted of various classes of vehicles. Since the bridge was skewed, each vehicle
produced four peaks of acceleration which is representative of each tire of the vehicle driving over
the expansion joint as shown in Figure 2.21a. The acceleration time history applied was for 16
different vehicles representing 2,500 vehicles per lane per hour.
The vibration input was replicated using a LDS V408 electro-dynamic mass shaker with a
frequency range up to 9 kHz. The accelerations were induced onto the steel beam by fixing the
mass shaker on top of the concrete deck. Accelerometers were attached to the experimental plate
girder at the same location as they were applied on the bridge in the field in order to ensure that
the same level of vibration was being induced on the girder. The test end panel was placed on
rubber pads to simulate the boundary conditions similar to an elastomeric bearing. The maximum
magnitude of vibration was 0.002 g. Vibrations were applied continuously for 6 h after turnover
of the UHPC mix. The vibrations applied to the girder had a minimal visible effect on the steel and
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had almost no visible effect on the UHPC during curing. The full set up of the vibration of the
plate girder with the mass shaker and controller is shown in Figure 2.21b. The results indicated
that the repair may be implement under traffic without the need for jacking of the superstructure.

(a)

(b)
Figure 2.21: Vibration of full-scale girder during UHPC curing – a) vibration time
history, b) vibration test setup
2.6.5 UHPC Compression Strength
A total of sixteen concrete cylinders, 3-in. (76.2-mm) diameter by 6-in. (152-mm) tall concrete
cylinders were cast for each of the mixes in order to determine the compressive strength of the
UHPC. The cylinders were used to perform an ASTM C39 Compressive Strength of Cylindrical
Concrete Specimens in accordance with ASTM C1856 for UHPC (ASTM 2017a; 2018). The test
set up for the compression tests is shown in Figure 2.22. The cylinders were tested in a Satec servohydraulic 400 kip (1779 kN) universal testing machine operated by an MTS FlexTest 40 controller.
A Humboldt LSCT was used to monitor the vertical and radial displacement of the cylinder during
testing as shown in Figure 2.22a & b.
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For the fast setting Ductal JS1212 mixes, two cylinders were tested at 12 hours, 24 hours,
48 hours, 7 days, 21 days, 28 days, and on the day of testing. Since the Ductal JS1000 mix does
not set for the first 24 hours, the cylinders were tested after 48 hours, 7 days, 21 days, 28 days, and
on the day of testing. Only two cylinders were tested for each sample set instead of the standard
three because of the limited volume of concrete which could be mixed in the Mortarman mixer.
Three cylinders were tested if there was a large variation in the compressive strength. Three
cylinders were also tested for each mix on the day of testing. The strength gain curves of the three
UHPC mixes are shown in Figure 2.23. The Full Height 1 repair with Ductal JS1000 UHPC was
tested 158 days after casting. The Full Height 2 repair and Half Height repair with Ductal JS1212
UHPC were tested 130 days and 164 days after casting, respectively. The compressive strength of
the UHPC for the Full Height 1, Full Height 2, and Half Height repairs on the day of testing were
29.3 ksi (202 MPa), 25.3 ksi (174 MPa), and 23.3 ksi (161 MPa), respectively.

(a)

(b)
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(c)

(d)

Figure 2.22: Compression Testing of UHPC Cylinders accoording to ASTM C39 and
C1856

Figure 2.23: UHPC compressive strength gain curve
2.7

DESIGN OF THE TEST SETUP

Several upgrades and design considerations were required to complete the full-scale experimental
testing phase of the research project. Due to the increase in the size and capacity of the full-scale
plate girder specimens, major modifications had to be made to the load frame, testing capabilities,
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boundary conditions, and other experimental components. The experimental setup for this test was
designed to accommodate the full plastic shear capacity of the full-scale plate girder. The force
demand for this large-scale experimental program was larger than any previous large-scale
experimental test at the University of Connecticut. The design of the new test set up is shown in
Figure 2.24.
The large-scale test load frame in the Structures Laboratory was reinforced to achieve the
desired capacity for this project. The existing load frame consists of four 20-ft (6.1-m) tall
HP14x89 columns and a single W36x160 spreader beam. Two sets of two columns were connected
by HSS8x8x1/2 tubes welded in K-braces with the spreader beam connecting the two units. Each
column was anchored to the Structures Lab strong floor with four 1 1/8-in. (28.6-mm) diameter
anchor rods secured to the 4-ft (1.22-m) thick strong floor. The strong floor has 8-in. (203-mm)
square clusters of four anchor rods spaced every 4 ft (1.22 m). The total foot print of the load frame
was an 8x8-ft (2.4x2.4-m) square. The previous set up was designed to support a 500-kip (2220kN) Enerpac double-acting hydraulic load ram (CLRG-25012) mounted to the spreader beam
spanning the front two columns.
The target force range for this phase of the research project was 1,000 kip (4450 kN). An
Enerpac CLRG-50012 hydraulic load ram was purchased for the experimental testing of the plate
girder specimens. The difference in size between the Enerpac CLRG-50012 and the CLRG-25012
is shown in Figure 2.25b. The controlling element for the previous setup was tensile strength of
the anchor rods securing the front two columns, which experienced the highest force demand
connected to the spreader beam. In order to distribute the load evenly to all four of the columns
and all four floor bolt cluster, three additional spreader beams were manufactured and added to the
system. Two spreader beams spanned between the columns of the two units and a third beam
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connected the two spreader beams. This would allow the hydraulic load ram to be mounted to
several different locations along the length of the middle spreader beam to achieve different force
capacities. The maximum static load capacity of the load frame was 1,000 kip (4450 kN) with a
maximum bearing reaction force of 750-800 kip (3340-3560 kN) depending on the length of the
test specimen. The spreader beams were designed as plate girders to provide more flexibility and
improve ease of construction of the load frame. The spreader beams were 7’10” (2.4-m) long with
a depth of 36 in. (914 mm). All of the beams and connection surfaces were painted with a Class B
slip coefficient paint. This grade of paint has an acceptable coefficient of friction for slip critical
connections. A slip critical connection was desired for all load frame connections in order to
decrease the relative displacements of the beam which may skew the experimental results. The
modified load frame is shown in Figure 2.25a.
The experimental plate girder specimens were mounted on two Disktron Bearings
manufactured by RJ Watson, Inc as shown in Figure 2.25d & e. These sliding disk bearings
consists of a polyurethane disc to accommodate rotations and a PTFE layer to accommodate
frictionless translational movement along the longitudinal direction of the girder. The disc bearing
was designed with a 550-kip (2540-kN) vertical load capacity, a 55-kip (245-kN) horizontal shear
capacity, a longitudinal displacement capacity of 1 in. (25.4 mm), and a rotational capacity of
0.458°.
In addition to the thickened top flange to increase the lateral torsional buckling capacity of
the plate girder, lateral support chains were connected to the top flange of the plate girder during
testing in order to prevent global movements. This added boundary condition was designed to
replicate the behavior of the girder with the presence of a composite concrete deck. The chain used
was 0.5-in. (12.7-mm), Grade 100 chain with a working tensile load limit of 15 kip (66.7 kN).
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Four chains were attached to the top flange of the girder. The chains were connected from the front
column directly to the point of loading. The chains were looped through heavy duty hoist chains
which were attached to the top flange. Four load binders were attached to each line of the chain in
order to tighten and loosen the chain and ensure that the girder maintained a vertical orientation
prior to the initiation of loading. The girder was aligned in order to center the hydraulic load ram
directly above the stiffeners beneath the point of loading. A plumb bob was used to determine the
accuracy of the position and straightness of the girder. The final configuration of the support chains
is shown in Figure 2.25f.
Figure 2.25g shows the overall view of the load frame with all of the testing elements. The
hydraulic load ram was used to apply the load to the plate girder with an Enerpac CLRG-50012
hydraulic lifting cylinder as shown in Figure 2.25b, f, & g. The 10,000-psi (68.9 MPa) cylinder
was double-acting; its hydraulic ports can apply forces when extending and retracting. The
cylinder has a maximum stroke of 11.81 in. (300 mm) and a maximum load capacity of 566.3 ton
(5640 kN). The cylinder also had a tilt saddle (spherical bearing) which accommodated rotations
of the top flange during loading in order to ensure that a purely axial load was applied to the plate
girders. The hydraulic pump used to power the load ram was an OTC Power Team PE17 series, a
10,000-psi (68.9 MPa) pump with two-way valves so that the pump could both extend and retract
as shown in Figure 2.25c. Two valves were added to the line as well, a needle valve (Enerpac V82) and a load holding valve (Enerpac V-66). The needle valve was used to control the speed of
the flow during testing and ultimately control the load rate. The overall 3D rendering and final test
set up are shown in Figure 2.26.
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(a) Elevation View
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(b) Plan View
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(c) Cross Section View
Figure 2.24: Design drawings of the test setup
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(b)

(a)

(c)

(d)

(e)
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(f)

(g)

Figure 2.25: Modifications to the test setup – a) load frame, b) Enerpac load rams, c)
OTC Power team pump, d) RJ Watson Disktron bearing, e) bearing end setup, f) lateral
support chains, g) overall test setup
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Figure 2.26: Final overall test setup
2.8

LOADING PROTOCOL

The plate girders were tested in a modified three point bend setup. The point load was applied at
3/10 the length of the girder closest to the test panel, so that the bearing supporting the test panel
experienced the highest reaction forces. The test setup was designed to investigate the distribution
of forces in the end panel when corrosion was present or when a corroded girder was repaired with
UHPC. The girders were loaded in a half cyclic manner with increasing magnitude. The initial
loading protocol for the experimental tests were controlled by the force applied by the load ram
(force control). After failure of the girder, the loading protocol was based on the displacement of
the bottom flange (displacement control). All four tests used different loading protocols based on
their expected capacity.
For the baseline corroded girder, it was first preloaded to 10 kip (44.5 kN). Then, loading
began by cycling loading-unloading cycles of 25-kip (111 kN) increments to a load of 100 kip
(445 kN). On the 6th cycle, the target load could not be achieved due to excessive deformation and
therefore the loading protocol was transitioned to displacement control. The 7th and 8th cycle were
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displacement control cycles were the maximum displacement of the bottom flange was increased
by 0.05 in. (1.27 mm) for each cycle.
The Full Height 1 repair girder was first preloaded to 25 kip (111 kN) followed by a force
controlled cycle to 75 kip (334 kN) and a cycle to 150 kip (667 kN). Following the third cycle, the
girder was loaded with increasing cycles of 100 kip (445 kN) magnitude per cycle until failure.
The girder failed on the 10th cycle. The 11th and 12th cycles were displacement controlled cycles
of an increasing bottom flange displacement magnitude of 0.15 in. (3.8 mm).
The Full Height 2 repair girder was first preloaded to 25 kip (111 kN) followed by a cycle
to 75 kip (334 kN) and a cycle of 150 kip (667 kN). Following the third cycle, the girder was
loaded by increasing the applied force by increments of 100 kip (445 kN) until failure. The girder
failed on the 9th cycle. The 10th, 11th, and 12th cycles were displacement controlled cycles of an
increasing bottom flange displacement magnitude of 0.13 in. (3.3 mm).
The Half Height repair girder was first preloaded to 25 kip (111 kN) followed by a cycle
to 75 kip (334 kN) and a cycle of 150 kip (667 kN). Following the third cycle, the girder was
loaded in increasing force cycles of 100 kip (445 kN) until failure. The girder failed on the 9th
cycle. The 10th and 11th cycles were displacement controlled cycles of an increasing bottom
flange displacement magnitude of 0.18 in. (4.6 mm).
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3
3.1

Instrumentation
INTRODUCTION

Each of the four full-scale experimental tests were fully instrumented with sensors to monitor the
overall and localized behavior of locations along the girder during testing. Extensive
instrumentation was used to ensure that all critical data was collected and no potential results were
over looked. Instrumentation was necessary to quantify the performance of the repair on both a
global-scale as well as finite-scale. This section will detail the types of sensors used including
force sensors, displacement transducers, strain gauges, and temperature transducers as well as the
data acquisition system which was used to collect the data. This data could be used to determine
how forces travel and transfer within the plate girder due to the presence of corrosion or the
application of the UHPC repair. This helps determine if the effects of the damage were mitigated
by the repair. The sensors are named based on their sensor type and location using an alphanumeric
naming convention. The naming convention for the type of sensor will be discussed in the
following sections. Additional notations were also base on the location of the sensor such as on
the left (L) or right (R) side of the beam or front (F) or (B) of the beam if you were looking at the
studied end along the longitudinal direction. Numeric values increased in value from the closest to
the bottom flange to the top flange and also from the front of the beam to the back of the beam.
3.2

DATA ACQUISITION SYSTEM

Due to the increased size and complexity of the large-scale experimental test program, the existing
data acquisition available in the Structures Laboratory had to be upgraded. The previous data
acquisition system was a combination of National Instrument systems and HBM systems. The
previous capacity of the data acquisition system was approximately 50 channels of data, with
approximately 32 channels of data being read by HBM data acquisition systems and the remainder
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with National Instrument. The upgraded capacity of the new system was 120 sensors ranging from
strain gauges, displacement transducers, signals, temperature, and several others. The full system
is now completely HBM. This will greatly improve the synchronization and compatibility of the
data collection during testing as well as post-processing during data analysis. A high-channel count
data acquisition system (DAQ), the HBM MGCplus, was purchased with the capacity to record 72
quarter, half, or full bridge strain gauge transducers. An add-on that was purchased with the
MGCplus was a distributor board with ethernet connections. The distributor board allowed all of
the strain gauges to be wired with ethernet connections so that they could be easier connected and
removed from the data acquisition system. The HBM MGCplus is shown in Figure 3.1a. The
distributor board is shown in Figure 3.1b.
Three additional Quantum X HBM modules were also connected to the system. Two
MX1615B systems were included in the system along with an MX1601B. The MX1615B is a
multi-purpose strain gauge bridge amplifier, which is capable of reading full-, half-, and quarterbridge strain gauges of any resistance as well as pressure, displacement, and temperature
transducers. The MX1601B is a voltage measuring amplifier for transducers with an electrical
output. The noise level for all of the HBM modules was less than 1-micro-strain and the data was
recorded simultaneously at 20-Hz. The HBM QuantumX modules are shown in Figure 3.1c. The
QuantumX modules were synchronized using a HBM FireWire. These external modulus were also
synchronized with the MGCplus using a synchronization cable from the QuantumX CX27B. The
entire system was connected to the computer by ethernet. A Dell Precision T3600 computer was
used to collect the data. The HBM software, CatmanEasy, was used to manage, synchronize, and
collect the data for the entire system. The overall data acquisition setup is shown in Figure 3.1d.
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(a)

(b)

(c)

(d)

Figure 3.1: Data acquisition system – a) MGCplus, b) ethernet distributor board, c)
QuantumX modules, d) data acquisition test setup
3.3

FORCE SENSORS

Three different types of force sensors were used during testing of each of the plate girder
specimens: 5 degree of freedom load cells, pressure transducers, and modified force sensing disc
bearings. The load cells were manufactured at UCONN (Zaghi et al. 2015). The loads cells can
measure axial force, shear in two directions, and moment in two directions. They have an axial
capacity of 500 kip (2220 kN), a shear capacity of ±100 kip (445 kN), and a moment capacity of
±500 kip-in. (56,500 kN-mm). The load cells are comprised of full-bridge strain gauge circuits
with 350-Ohm strain gauges. The orientation of the strain gauges is designed, so that the sensors
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response corresponds to the applied reaction. The full behavior and design of the load cells are
described in (Reinhorn & Bracci 1992; Zaghi et al. 2015). Both load cells were oriented with the
x-direction in the longitudinal direction of the beam. The Beta load cell (B) was the load celled
beneath the studied end bearing and the Alpha load cell (A) was beneath the far end bearing. The
axial reaction of the load cell was recorded as the Normal force (N) in the load cell denoted by B
or A for Beta or Alpha load cell (NB or NA). The shear force in the bearing was recoded as SX for
shear in the x direction and SY for shear in the y direction also denoted by B or A for which load
cell. Similarly, the moment in the bearing was recorded as MX for moment in the x direction and
MY for moment in the y direction denoted by B or A. An image of the load cell is shown in Figure
3.2a. The location of the two load cells at either end of the girder is shown in Figure 3.3a. A
diagram of the axial, shear, and moment measurement directions is also illustrated in Figure 3.3a.
Two pressure transducers were used to measure the hydraulic pressure in the load ram
during testing. One pressure transducers was included on the supply line (PTS = Pressure
Transducer Supply) to measure the pressure being applied by the load ram and one was included
in the return line (PTR = Pressure Transducer Return) to measure any differential pressure in the
lines during testing. The pressure transducers were included directly at the end of the line at the
ports on the load ram. The pressure transducers used were Omega PX309-10KGV 10,000-psi
gauge-pressure transducer. This is a full-bridge strain sensor with an accuracy of ±25-psi (0.172
MPa). The pressure recorded was converted to the force applied by the load ram by multiplying
the pressure by the effective area of the CLRG-50012 load ram in the push (extension) direction.
The two pressure transducers are shown in Figure 3.2b where PTS is circled in blue and PTR is
circled in red. Their location is also shown in Figure 3.3b.
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Slight modifications were made to the two disk bearings used in the large-scale testing in
order to them to measure the reaction force on the bearing. A very thin, 1/8-in. (3.18-mm) thick
steel plate was included in the recess for the PTFE sliding layer. This steel plate included a 3x3
pattern of nine diaphragm pressure transducer strain gauges attached to the steel plate directly over
a thin diaphragm. The PTFE layer was then epoxied directly to the steel plate. When the bearing
is loaded, the diaphragms bend due to the uniform pressure applied by the PTFE to the steel plate.
PTFE has a more fluid behavior under large pressures. The response of the sensors had a very
linear relationship with the applied load. Due to the thin and non-intrusive properties of the design,
no adverse effects were observed to the structural performance of the bearing. The layout of the
sensors in the bearing is shown in Figure 3.2c. The naming of the bearing sensors was B1-9
denoted by a B or A for which load cell it was on top of Beta or Alpha. Diagram of naming shown
in Figure 3.3c.

(a)

(b)
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(c)
Figure 3.2: Force sensors – a) 6 DOF load cell, b) pressure transducers, c) modified
force monitoring bearing

(a)

67

3 Instrumentation

(b)

(c)
Figure 3.3: Force sensor locations - a) 6 DOF load cell, b) pressure transducers, c)
modified force monitoring bearing
3.4

DISPLACEMENT TRANSDUCERS

A total of 40 displacement measurements were taken during each of the experimental plate girder
tests. The main displacement measurements that were taken were the vertical displacement
measurements of the specimen directly at the load ram during testing. The primary measurement
was a displacement transducer which measured the relative displacement between the bottom
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flange of the girder and the structures lab floor directly in the center of the bottom flange. This
measurement was labeled as VM and was measured with a Tokyo Sokki Kenkyujo CDP-50 with
a maximum displacement measurement range of 2 in. (50 mm). VM is shown next to the white
line in Figure 3.4b. Two measurements were also taken on the right and left side of the bottom
flange between the bottom flange and the floor. These measurements were labeled VFBL (Vertical
Displacement between Floor and Bottom Flange – Left) and VFBR (Vertical Displacement
between Floor and Bottom Flange – Right). VFBL and VFBR are shown in Figure 3.4b with the
orange arrow and in the blue box, respectively. Two additional vertical measurements were taken
on both the right and left side between the top flange and the spreader beam which the hydraulic
load ram was attached. These measurements were labeled VSTL (Vertical Displacement between
Spreader Beam and Top Flange – Left) and VSTR (Vertical Displacement between Spreader Beam
and Top Flange – Right). VSTL and VSTR are shown in Figure 3.4a in the green box and the red
box, respectively The four additional vertical measurements were measured with Unimeasure PB10-S10-N0S-10C string potentiometers. The string potentiometer was a full bridge circuit and had
a maximum displacement range of 10 in (254 mm). To ensure that the stiffness of the load frame
was adequate, a Unimeasure PB-10 string potentiometer was used to measure the relative
displacement between the floor and the spreader beam. This device was labeled VFS (Vertical
Displacement between Floor and Spreader beam) and is indicated with the purple arrow Figure
3.4b.
Vertical displacement measurements were also taken at each of the bearings. A vertical
measurement was taken along the centerline of the girder between the floor and the bottom flange
measured 2 in. (51 mm) in the longitudinal direction away from the bearing as shown in Figure
3.4c. This was to observe if the bottom flange of the girder yielded under loading. Two Tokyo
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Sokki Kenkyujo CDP-25 strain gauge displacement transducers were used for these
measurements. The sensors were labeled VBB and VBA (Vertical Displacement at the Bearing Beta & Alpha). Four vertical displacement measurements were also taken of the overall bearing
displacement at all four corners. This was to determine the stiffness and rotation of the bearing
during loading. The label of the displacements is VLF (Vertical Displacement Left Front), VRF
(Vertical Displacement Right Front, VLB (Vertical Displacement Left Back), and VRB (Vertical
Displacement Right Back) for both the Beta (B) and Alpha (A) bearings. The bearing sensors were
Novotechnik TR-0050, spring type potentiometers with a 2-in. (50 mm) stroke. The vertical
displacement transducers used to measure rotation of the bearing are shown in Figure 3.4d.

(a)

(b)
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(c)

(d)

Figure 3.4: Vertical displacement sensors – a) VSTL & VSTR, b) VM, VFBL, VFBR, &
VFS, c) VBB, d) VRF & VRB

(a)
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(b)
Figure 3.5: Vertical displacement sensor locations – a) overall vertical measurement
sensors, b) bearing rotation measurement sensors
Horizontal measurements were also recorded to capture out-of-plane displacements of the
web. Three Unimeasure PB-10 string potentiometers were used to measure the horizontal
displacement of the end of the web under loading and are shown in red in Figure 3.6. These sensors
were labeled WB1, WB2, and WB3 where they were placed 4 in. (102 mm), 26 in. (660 mm), and
48 in. (1220 mm) above the top of the bottom flange, respectively. Six Unimeasure PB-10 string
potentiometers were used to measure the horizontal displacement of the web along the centerline
of the end panel and are shown in blue in Figure 3.6. The sensors were labeled EP1-6 and were
placed 3 in. (76.2 mm), 11 in. (279 mm), 21 in. (533 mm), 31 in. (787 mm), 41 in. (1040 mm), and
49 in. (1250 mm) above the top of the bottom flange respectively. These sensors were used to
capture the global buckled shape of the end panel after failure. Figure 3.7 shows the sensor location
of the nine horizontal displacement measurement points.
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Figure 3.6: Horizontal displacement sensors

Figure 3.7: Horizontal displacement sensor locations
The shear deformation of the end panel was measured using a configuration of five
displacement potentiometers. These potentiometers were fixed along the top and bottom flanges,
the bearing and web stiffeners, and one across the diagonal of the end panel. The displacement
transducers used were Novotechnik LWG-225 and LWG-300. Extensions needed to be added to
73

3 Instrumentation

the ends, so that they could span the dimensions of the end panel. The vertical displacement of the
end panel at the bearing stiffener was labeled SVF (Shear Box Vertical Front) and at the web
stiffener was SVB (Shear Box Vertical Back). The horizontal displacement of the end panel at the
bottom flange was labeled SHB (Shear Box Horizontal Bottom) and at the top flange was labeled
SHT (Shear Box Horizontal Top). The diagonal displacement transducers was labeled SD (Shear
Box Diagonal). The shear box sensors are shown in Figure 3.8 and Figure 3.9.

Figure 3.9: Shear box sensor locations
Figure 3.8: Shear box sensors
For the three repaired girders, two cantilever type slip displacement transducers were used
to monitor the relative slip between the UHPC panel and the web of the plate girder. Tokyo Sokki
Kenkyujo CE-10 transducers were used to monitor the slip. These gauges were attached to the
steel web of the plate girder with a magnate. They have a maximum measurement capacity of 254
in. (10 mm). The slip sensors were labeled SPL (Slip UHPC Panel Left) and SPR (Slip UHPC
Panel Right). The slip sensors are shown in Figure 3.10 and Figure 3.11.
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Figure 3.10: UHPC slip sensor

Figure 3.11: UHPC slip sensor location

Monitoring of the splice connection between the end panel and the permanent end of the
girder was critical to ensure that the beam was rigid and there were no local displacements from
the splice connection. Four displacement transducers were included on the web of the girder to
monitor vertical slip of the splice plate relative to the web. Tokyo Sokki Kenkyujo CDP-25 strain
gauge displacement transducers were used to monitor the slip of the web splice plate. The sensors
were labeled SWFL and SWFR for the Slip Web Front for both the Right and Left side and SWBL
and SWBR for the Slip Web Back Right and Left. Four displacement transducers were used to
monitor the horizontal slip between the top and bottom flanges of the end panel and permanent
end of the girder. Novotechnik LWG-100 displacement transducers were attached to the permanent
end and end panel across the top and bottom flange on both the right and left side. The transducers
were labeled HBL (Horizontal Displacement Bottom Flange Left), HBR (Horizontal Displacement
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Bottom Flange Right), HTL (Horizontal Displacement Top Flange Left), and HTR (Horizontal
Top Flange Right). The splice connection slip sensors are shown in Figure 3.12 and Figure 3.13.

Figure 3.13: Splice slip sensor locations
Figure 3.12: Splice slip sensors
3.5

STRAIN GAUGE SENSORS

Over 50 strain gauges were attached to the steel plate girders and the shear studs to monitor its
performance during testing. Uniaxial strain gauges were placed along the height of the web, 3 in.
(76.2 mm) away from the face of the bearing stiffener away from the end of the beam. The position
of 3 in. (76.2 mm) off the face of the bearing stiffener was chosen so that the line of web strain
gauges fell directly between the staggered stud pattern for the repaired girder. The goal was to
ensure that the gauges were centered between the stud patterns. The uniaxial strain gauges used
were Tokyo Sokki Kenyujo FLA-5-11-5L as shown in Figure 3.14. All the strain gauges were
placed on the web were on the left side of the girder. For the Baseline plate girder, the first strain
gauge was placed 1.25 in. (31.8 mm) above the top of the bottom flange and then nine more strain
gauges were placed above it spaced every 5.5 in. (140 mm) for a total of ten web bearing strain
gauges. These gauges were labeled W1 – W10 from the bottom of the web to the top, respectively.
Three additional uniaxial strain gauges were placed on the front side of the web, 3 in. (76.2 mm)
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away from the bearing stiffener. These gauges were labeled EW1, EW2, and EW3 and were placed
3 in. (76.2 mm), 26 in. (660 mm), and 49 in. (1240 mm) above the top of the bottom flange,
respectively. The location of the strain gauges for the Baseline girder are shown in Figure 3.15a.
Both of the full height UHPC repairs also contained ten strain gauges along the height of the web.
For the Full Height 1 repair, the first strain gauge was placed 1.75 in. (44.4 mm) above the top of
the bottom flange and the nine gauges above it were spaced every 5.5 in. (140 mm). For the Full
Height 2 repair, the first strain gauge was placed 1.25 in. (31.8 mm) above the top of the bottom
flange, the second was placed 5 in. (127 mm) above the first gauge, and the eight other gauges
were spaced every 5.5 in. (140 mm). The web bearing strain gauges for the full height repairs were
also labeled W1 – W10 from the bottom of the web to the top. The location of the web strain
gauges for the Full Height 1 repair and Full Height 2 repair are shown in Figure 3.15b & c,
respectively. For the Half Height repair, twelve web bearing strain gauges were attached to the
girder. The first gauge was placed 1.125-in. (28.6 mm) above the top of the bottom flange, the
second was placed 4 in. (102 mm) above the first, and the third was placed 4 in. (102 mm) above
the second. The next 7 gauges were spaced every 2.25 in. (57.1 mm). The eleventh gauge was
placed 11 in. (279 mm) above the tenth and the twelfth was placed 11 in. (279 mm) above the
eleventh. The gauges were labeled W1 – W12 from the bottom of the web to the top. The location
of the strain gauges for the Half Height repair are shown in Figure 3.15d. Figure 3.21a shows the
location of the strain gauges glued onto the web of the girder for the Baseline. The strain gauges
in the blue box are the web strain gauges (W1-W10) and the green box are the extra web strain
gauges.
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Figure 3.14: Uniaxial strain gauge (Tokyo Sokki Kenyujo FLA-5-11-5L)

(b)
(a)
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(c)

(d)

Figure 3.15: Location of uniaxial web strain gauges – a) Baseline, b) Full Height 1, c)
Full Height 2, d) Half Height
Uniaxial Tokyo Sokki Kenyujo FLA-5-11-5L gauges were also placed along the height of
the left bearing stiffener on all four plate girder to determine the load demand on the stiffener both
with and without the repair. The stiffener gauges were labeled ST1, ST2, and ST3 and were placed
3 in. (76.2 mm), 26 in. (660 mm), and 49 in.(1250 mm) above the top of the bottom flange as
shown in Figure 3.16. The stiffener strain gauges are shown in Figure 3.21b boxed in orange.

Figure 3.16: Location of uniaxial stiffener strain gauges
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The same uniaxial gauges were also placed along the bottom flange of the girder to measure
the flexural strain in the bottom flange of the beam. The gauges were centered beneath each of the
web panels and an additional gauge was placed directly beneath the loading point. The first bottom
flange gauges were placed on the bottom flange in line with the centerline of the end panel,
approximately 28.5 in. (724 mm) from the end of the girder. One gauge was placed 3 in. (76.2
mm) to the left of the centerline of the web and one was placed 3 in. (76.2 mm) to the right of the
centerline of the web, labeled BF1L and BF1R, respectively and are shown in Figure 3.21c. BF2
was placed directly along the centerline of the web beneath the point of loading, 70.25 in. (1780
mm) from the test end of the girder. BF3 and BF4 were placed 88.6 in. (2250 mm) and 124.6 in.
(3160 mm) from the test end of the girder, respectively. Strain gauges BF2, BF3, and BF4 are
shown in Figure 3.21d. These five bottom flange gauges were recorded for each of the four plate
girder. For the Baseline plate girder, two additional bottom flange gauges were used. BF5 and BF6
were placed 160.6 in. (4080 mm) and 196.6 in. (5000 mm) from the test end of the girder. Two
uniaxial gauges were applied to the top flange of the girder for each of the experiments as well
directly above the centerline of the end panel, approximately 28.5 in. (723 mm) from the test end
of the girder. One was on the left side 3 in. (76.2 mm) off the centerline of the web and one was
on the right side 3 in. (76.2 mm) off the centerline of the web. The gauges were labeled TFL and
TFR, respectively and are shown in Figure 3.21e. The location of the strain gauges on the top and
bottom flange are shown in Figure 3.17.
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Figure 3.17: Location of uniaxial flange strain gauges
For the Baseline girder, four additional uniaxial strain gauges were applied to the bottom
flange to monitor any yielding in the bottom flange near the bearing. Three gauges were placed on
the top of the bottom flange 4.5 in. (114 mm) from the edge of the girder towards the web. The
gauges were labeled EBF-T1, EBF-T2, and EBF-T3 and were placed 0 in. (0 mm), 2 in.(51 mm),
and 4 in. (102 mm) from the edge of the bearing, respectively as shown in Figure 3.21f. One gauge
was placed on the bottom of the bottom flange directly beneath EBF-T2 labeled EBF-B2. EBF-T2
and EBF-B2 were also included on the three repaired girders. The location of the extra bottom
flange strain gauges at the bearing are shown in Figure 3.18.
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Figure 3.18: Location of uniaxial extra flange strain gauges
Five triaxial gauges were placed on the web along the centerline of the end panel of all
three plate girders. The triaxial gauges were Tokyo Sokki Kenyujo FRA-5-11-5L as shown in
Figure 3.19. These gauges were meant to capture the strains in the web caused by the formation of
a tension field in the end panel. The triaxial gauges were labeled T1 – T5. T1 was placed 6 in. (152
mm) above the top of the bottom flange, then T2 – T5 were spaced every 10 in. (254 mm) above
T1. The location of the triaxial strain gauges is shown in Figure 3.20. Each triaxial gauges was
comprised of three uniaxial gauges. The uniaxial gauges were oriented -45°, 0°, and 45° from the
vertical plane. The gauge oriented at -45° along the tension field and therefore was labeled with a
T for tension. The gauge at 0° was aligned vertically on the web and was labeled with a V for
vertical. The gauge at 45° was aligned perpendicular to the tension gauges and was labeled with a
C for compression. The triaxial strain gauges on the Baseline girder are shown boxed in red on
Figure 3.21a.
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Figure 3.19: Triaxial strain gauge (Tokyo Sokki Kenyujo FRA-5-11-5L)

Figure 3.20: Location of triaxial web strain gauges
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(a)

(b)

(c)

(d)

(e)

(f)

84

3 Instrumentation

Figure 3.21: Overall steel strain gauge sensors – a) W, WB, and T, b) ST, c) BF1, d)
BF2-4, e) TF, f) EBF - T
For the repaired girder, seven shear studs were instrumented with bolt strain gauges. The
bolt strain gauges were embedded in a 0.079-in. (2-mm) diameter hole, which was drilled hole
drilled in the center of each of the shear studs and was filled with an epoxy adhesive. Application
of the bolt strain gauges into the headed shear studs is shown in Figure 3.22. The bolt strain gauges
used were Tokyo Sokki Kenyujo BTM-6C gauges. The gauges were installed in the single
staggered column of studs on the right side of the girder on the back side of the bearing stiffener.
The stud gauges were labeled S1 – S7 from the bottom stud to the top. The location of the shear
studs is shown in Figure 3.23 and Figure 3.25.

Figure 3.22: Application of stud strain gauges
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(a)

(b)

(c)

Figure 3.23: Location of stud strain gauges – a) Full Height 1, b) Full Height 2, c) Half
Height
For the two full height repaired girders, three biaxial gauges were included. The biaxial
strain gauges were Tokyo Sokki Kenyujo FCA-5-11-5L as shown in Figure 3.24. One biaxial
gauge was placed above the bottom instrumented stud, S1 and two were placed at the top two
instrumented studs, S6 and S7. The biaxial gauge at S1 was labeled SV1 for the vertical component
and SH1 for the horizontal component. The biaxial gauge at S6 was labeled SV3 for the vertical
component and SH1 for the horizontal component. The biaxial gauge at S7 was labeled SV4 for
the vertical component and SH4 for the horizontal component. Only two biaxial gauges were
recorded for the Half Height repaired girder SV1 and SH1 and SV4 and SH4 above studs S1 and
S7, respectively. The location of the biaxial strain gauges is shown in Figure 3.25 and Figure 3.26.
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Figure 3.24: Biaxial strain gauge (Tokyo

Figure 3.25: Stud and biaxial strain gauge

Sokki Kenyujo FCA-5-11-5L)

sensors

(a)

(b)

Figure 3.26: Location of biaxial strain gauges – a) Full Height 1 & 2, b) Half Height
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3.6

TEMPERATURE TRANSDUCERS

Two types of temperature transducers were used to monitor the temperature of the UHPC during
the curing period: a temperature probe and a foil temperature gauge. The temperature probe used
was an Omega RTD sensor probe PRTF-10-2-100-1/4-E. The foil temperature gauge was a Tokyo
Sokki Kenyujo TFL-6-60-5L as shown in Figure 3.28. The temperature probe was inserted into
the front right UHPC panel of each of the three repaired plate girder at approximately half of the
height of the panel as shown in Figure 3.27. The foil temperature gauges were attached to the
bearing stiffener of the girder at a location of 23 in. (584 mm) from the top of the bottom flange
for the full height repairs and 13 in. (330 mm) from the top of the bottom flange for the half height
repair. This location corresponds to the center of the UHPC panel.

Figure 3.27: Location of

Figure 3.28: Thermal couple (Tokyo Sokki

Temperature Transducers

Kenyujo TFL-6-60-5L)
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4
4.1

Experimental Results and Observations
INTRODUCTION

This section details the results of each of the four experimental plate girder tests including physical
observations and the data collected. Each of the large-scale experiments will be described in detail
including visual data witnessed during the test including the condition of the steel and the
development of damage, the capacity of the girder, and the displacement and strain progression.
For the visual presentation of the girders, the end panel of each was coated with a layer of limestone
whitewash. The whitewash highlights strain deformation in the steel during loading. The final
portion of this section will compare the results and performance of each of the four tests.
4.2

BASELINE - CORRODED GIRDER

The baseline corroded girder was loaded with the slowest loading rate to ensure that there would
be a sufficient number of loading-unloading cycles since it had the lowest anticipated capacity. No
damage was observed in the Baseline girder until a bearing load of 66.7 kip (297 kN). The girder
failed gradually due to localized buckling of the web and bearing stiffener in the corroded region.
The buckling was restricted to the damage portions of the web and bearing stiffener as shown in
Figure 4.4. The bearing force-displacement curve for the Baseline girder is shown in Figure 4.1.
The first sign of buckling was visible during the fifth cycle (Run 5) under an end bearing load of
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66.7 kip (297 kN). The girder began to deform plastically during the sixth cycle (Run 6) and
buckling of both the web and stiffener were visible.

Figure 4.1: Baseline - bearing force vs. displacement
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The failure of the corroded Baseline girder was gradual due to the non-uniform nature of
the section loss. No sudden buckling failure occurred due to the non-uniform nature of the damage.
The corroded portions of the web and stiffeners were not perfectly plan or symmetric and therefore,
buckled gradually. The maximum bearing load of the girder continued to increase as the girder
was loaded by displacement controlled cycles increasing the displacement of the bottom flange of
the girder. The Baseline girder deformed plastically to a maximum bearing load of 424 kN (95.3
kip) and maximum deflection of 6 mm (0.236 in.) on the eight cycle (Run 8).The deformation of
the web throughout loading progression is shown in Figure 4.2. Loading was halted at this point
to prevent excessive rotation of the bearing. The end panel of the Baseline girder experienced
minimal visible damage outside of the corroded region as shown in Figure 4.3. No horizontal outof-plane displacement of the web was recorded aside from minor global rotations of the girder.
The final condition of the corroded region after web crippling is shown in Figure 4.4.

(a)
(b)
(c)
(d)
Figure 4.2: Baseline - web deformation – a) Run 1-6-kip, b) Run 5-66-kip, c) Run 6-89kip, d) Run 8-95-kip
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(a)

(b)

(c)

(d)

Figure 4.3: Baseline - end panel deformation – a) Run 1-6-kip, b) Run 5-66-kip, c) Run
6-89-kip, d) Run 8-95-kip

(a)

(b)

Figure 4.4: Baseline - damage steel region – a) Prior to failure, b) After web crippling
As the displacement of the girder was increased and the deformation of the buckled
corroded area was pushed further, the load path was redistributed to the bottom flange of the girder
to bypass the corroded section. A plastic hinge formed in the bottom flange due to the increase in
load demand directly beneath the corroded region. Yielding of the bottom flange occurred directly
beneath the corroded section and the portion directly adjacent to the bearing experience the highest
demand. The strain gauge placed 50.8 mm (2 in.) from the edge of the bearing was closest to the
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plastic hinge. The maximum strain in the plastic hinge region recorded by the top (EBF-T2) and
bottom (EBF-B2) of the bottom flange were 1,210 με in compression and 1,360 με in tension,
respectively. The portion of the bottom flange directly adjacent to the bearing displaced over 0.236
in. (6 mm) due to yielding of the flange (VBB). The strain measured in the bottom flange at the
bearing is shown in Figure 4.5. The bottom flange and top flange at the centerline of the end panel
only experienced maximum strains of 84 με and 43 με, respectively.

Figure 4.5: Baseline – bearing force vs. bottom flange strain at the bearing
Due to the localized section loss of the web and stiffener at the bearing end, the deformation
of the end panel was primarily limited to vertical displacement of the web and bearing stiffener
recorded by the displacement transducer SVF. Web crippling in the corroded region caused
approximately 0.276 in. (7 mm) of displacement of web and stiffener, while the rest of the end
panel remained rigid and relatively undeformed. Minimal out-of-plane displacement of the end
panel was also observed measured by the string potentiometers along the height of the web (EP).
The maximum horizontal displacement of the web of the end panel recorded was less than 0.05 in.
(1.27 mm) recorded at the top of the web as shown in. This displacement was most likely due to
global rotations of the girder about the bearing during loading. The results from the triaxial strain
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gauges attached to the centerline of the end panel also confirmed the lack of damage to the end
panel as the strains in the steel remained well in the elastic range with both a maximum strain
along the tension and compressive struts less than 300 με.
The strains recorded in the steel web and stiffener highlighted the limits of damage in the
Baseline girder during testing. The strain gauges attached to both the web and stiffener both
generated similar results. A majority of the strain accumulation was restricted to the damaged steel
region as shown in Figure 4.6. Yielding of the steel was only observed in the strain gauges placed
in the bottom 3-4-in. of the girder. The strain gauges ST1 on the bearing stiffener and W1 and
EW1 on the bottom of the web at the bearing experienced extensive yielding during failure of the
girder with maximum recorded strains of 21,900 με, 70,900 με, and 2,779 με, respectively.
However, the remainder of the web and bearing stiffener experienced strains less that 300- με,
which means the extent of permanent damage of the girder was limited to the corroded region and
the small portion of the bottom flange directly adjacent to the bearing. The remainder of the bottom
flange also remained elastic along the length of the girder with a maximum strain less than 200 με.

94

4 Experimental Results and Observations

Figure 4.6: Baseline – Strain distribution along the height of the web (W)
4.3

FULL HEIGHT 1 REPAIRED GIRDER

The Full Height 1 repaired girder contained the Ductal JS1000 UHPC repair panel with a
compressive strength of 29.3 ksi (202 MPa). Minimal cracking was observed in the UHPC cast
throughout testing. Debonding was observed at the interface of the interior UHPC panels and the
web. Hairline cracks formed beneath the diaphragm where the bearing stiffener was located. The
cracking observed is shown in Figure 4.7. This portion of the UHPC panel only had a thickness of
0.375 in. (9.5 mm). The girder ultimately failed due to global web buckling of the end panel. The
buckled shape of the web was a full sine wave at the center of the end panel or buckling mode two.
One failure line of the end panel lead from the bottom of the web stiffener to the center of the
bearing stiffener and UHPC panel and the second failure line lead from the bottom of the web
stiffener to the top of the bearing stiffener and UHPC panel. The final condition of the end panel
after buckling is shown in Figure 4.8.
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(a) Left

(b) Right
Figure 4.7: Full Height 1 - cracking of UHPC panel beneath diaphragm
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(b)

(a)

(c)
Figure 4.8: Full Height 1 – Buckled end panel

The bearing force vs. displacement curve is shown in Figure 4.9. The first sign of web
buckling and failure of the girder occurred during the tenth cycle (Run 10). Failure occurred due
to sudden web buckling of the end panel under a maximum bearing load of 527 kip (2,340 kN)
and a deflection of 0.504 in. (12.8 mm). After buckling of the end panel, the girder remained
ductile and was still able to service a portion of the load. The ductile failure allowed the Full Height
girder to sustain a load of 450 kip (2,000 kN) to a maximum tested deflection of 0.994 in. (25.2
mm) during the twelfth cycle (Run 12). After web buckling failure of the end panel, the girder
maintained over 85% of the ultimate capacity.
The initial drop in load visible in the raw data for the tenth cycle (Run 10) presented in the
Appendix was due to slip of the splice connection. The slip critical capacity of the web splice
connection was 500 kip (2220 kN). Since the capacity of the Full Height 1 repair exceeded the
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anticipated maximum bearing capacity of 500 kip (2220 kN), there was slight movement and drop
in load due to slip of the bolted connection. The data presented in the body of the report was
adjusted to account for the additional displacement due to movement of the splice connection.
The end portion of the web encased in the UHPC experienced minimal visible damage as
shown in Figure 4.10. Two tension field failure lines were visible in the web of the girder after
buckling. The first line extended from the bottom of the web stiffener to the middle of the bearing
stiffener just below the diaphragm. The second line extended from the bottom of the web stiffener
to the top of the bearing stiffener. The failure pattern was a full sine wave representing second
mode buckling of the web of the end panel as shown in Figure 4.11. The second mode buckling
failure was induced due to stiffness of the UHPC casts. Minimal damage was observed in the steel
prior to failure. Figure 4.12 shows the bracing provided to the damage region of steel by the UHPC
panel preventing any localized damage in the corroded region.

Figure 4.9: Full Height 1 - bearing force vs. displacement
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(a)

(b)

(c)

(d)

Figure 4.10: Full Height 1 - web deformation – a) Run 1-15-kip, b) Run 5-225-kip, c)
Run 9-487-kip, d) Run 12-459-kip

(a)

(b)

(c)

(d)

Figure 4.11: Full Height 1 – end panel deformation – a) Run 1-15-kip, b) Run 5-225kip, c) Run 9-487-kip, d) Run 12-459-kip
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Figure 4.12: Full Height 1 – damage steel region
Unlike the Baseline girder, after failure of the Full Height 1 repaired girder the force
distribution pushed the load to be carried by the top flange of the girder as opposed to the bottom
flange. The location adjacent to the bearing where the plastic hinge formed in the Baseline girder,
EBF-T2 and EBF-B2, only experienced minimal yielding, less than ±400 με for the Full Height 1
girder. The top and bottom flanges of the test panel experienced a strain of 385 με (TF) and 500
με (BF1) at the maximum bearing force, respectively. The strain increased to 1460 με (TF) and
720 με (BF1) after web buckling for the top and bottom flange, respectively. The difference in
strain values is also significant since the top flange of the girder was 1.5 in. (38.1 mm) thick
compared to a 1 in. (25.4 mm) thick bottom flange, which showed the significant force distribution
to the top flange. The relationship between the pre-buckling and post-buckling response indicate
the contribution of the top flange after formation of the tension field. The displacement of the
bottom flange at the bearing also remained elastic throughout loading (VBB).
The damage and deformation of the end panel was primarily attributed to the global
buckling and shear deformation of the web. No localized buckling of the stiffeners or significant
yielding of the flanges was observed. This was observed by the displacement recorded across the
diagonal of the end panel. The diagonal displacement transducer (SD) had a maximum
displacement of just over 0.63 in. (16 mm) while the displacement transducers monitoring the
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horizontal and vertical deformation of the end panel recorded less than 0.039 in. (1 mm). No large
out-of-plane displacement was visible prior to buckling of web. The buckled shape of the web at
failure was a full sine wave, which increased in amplitude as displacement based loading
progressed. The buckled shape of the end panel was captured by the horizontal displacement
transducers attached the web of the end panel (EP). The buckled shape of the end panel is shown
in Figure 4.13. The development of the tension field and buckling failure of the web was captured
by the triaxial gauges as well. With the maximum strains occurring towards the top of the web
were the maximum buckling displacement was observed due to the formation of the tension field
in the web, greater than 12,000 με along the tension direction and 20,000 με in along the
compression strut. The vertical strain of T3V was also extremely small which was conclusive to
the inflection point in the buckled wave at the center height of the end panel, less than 300 με.

Figure 4.13: Full Height 1 - Out-of-plane web displacement (EP)
The strain gauges along the height of the web at the bearing showed the stain distribution
caused by applying the repair to the corroded girder. The lateral support provided by the UHPC
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casts prevented any buckling of the corroded region. The corroded region experienced a relatively
large strain of 2,030 με (W1) due to compression yielding. The strains of the uncorroded web
encased in UHPC repair were less than 700 με (W2-W8). Due to the implementation, significant
demand was placed on the exposed steel above the UHPC panel. This was observed by the strain
gauge placed at the very top of the UHPC panel at 45.75 in. (1160 mm) above the bottom flange
(W9), which experienced a maximum strain of 4,560-με and severe permanent yielding damage.
More damage was observed on the corroded portion of the bearing stiffener, which experienced a
maximum strain of 3,540 με (ST1). The strain gauge on the bearing stiffener at a height of 49 in.
(1240 mm) (ST3) experienced yielding as well and a maximum strain of 938 με. However, this
strain gauges was placed higher on the stiffener and the stiffener had a thickness of 0.5 in. (12.7
mm) compared to 0.375 in. (9.5 mm) web, which also contribute to the smaller recorded strains.
The distribution of strains along the height of the web is shown in Figure 4.14.

Figure 4.14: Full Height 1 – Strain distribution along the height of the web (W)
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The strains measured in the shear studs demonstrated the transfer of load from the web to
the UHPC cast over the entire height of the repair. The studs towards the bottom of the repair, S1,
S2, and S3, experienced significant yielding with maximum strain values of 1,751 με, 1,599 με,
and 1,953 με, respectively, while the upper studs (S4-S7) all experienced much smaller strains less
than 1,200 με. The backbone curves of the bearing force vs. stud strain curves for the seven
instrumented studs are shown in Figure 4.16. he studs towards the bottom of the repair were
activated first and experienced higher strains. The difference in the stiffness of the studs was most
likely due to local deformation of the damaged region under small bearing forces. After buckling
failure, the studs at the bottom of the repair began to yield.

Figure 4.15: Full Height 1 – bearing force vs. stud strain
The vertical strain on the web above the top stud (SV4) was significantly higher than the
other two studs which were instrumented, SV1 and SV3, 2,448-με compared to 357 με and 828
με, respectively. This information also indicates that towards the top of the web the demand was
on the web of the girder and the load transferred to the UHPC repair as it approached the damaged
region of the beam.
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Both the right and left UHPC panels experienced significant slip during testing. The
bearing force vs. panel slip curves for the right and left panel are shown in Figure 4.16. Slip was
defined as the relative movement of the UHPC panel with respect to the web of the plate girder as
measured by the cantilever displacement transducers, SPL and SPR. The cantilever displacement
transducer, SPL, was bumped during testing, which is why the displacement measurement goes
negative in the figure in the Appendix. The data presented in the text of the report was corrected
to represent the actual slip experienced by the UHPC panel. The maximum slip measurements of
the two transducers were 0.116 in. (2.94 mm) and 0.086 in. (2.19 mm) for SPL and SPR,
respectively. From the results of push-out tests, the slips observed in the Full Height 1 repair panels
were significant as shear failure of the studs occurs at a slip of 0.157-0.197 in. (4-5 mm)
(Kruszewski et al. 2018a).

Figure 4.16: Full Height 1 – bearing force vs. panel slip
4.4

FULL HEIGHT 2 REPAIRED GIRDER

The Full Height 2 repaired girder contained the Ductal JS1212 UHPC repair panel with a
compressive strength of 25.3 ksi (174 MPa). Similar to the Full Height 1 repair, cracking was
104

4 Experimental Results and Observations

observed in the portion of reduced cover encasing the bearing stiffener. A hairline crack formed
along the top portion of the bearing stiffener directly beneath the diaphragm as shown in Figure
4.17. Limited cracking was also visible at the interface of the UHPC panel and the steel web and
C-shape diaphragm.

Figure 4.17: Full Height 2 – cracking of UHPC panel beneath diaphragm
The Full Height 2 repaired girder failed due to global web buckling of the end panel as
shown in Figure 4.18. Figure 4.19 shows the bearing force vs. displacement curve for the Full
Height 2 repair. Similar to the Full Height 1 repaired girder, the girder failed due to global web
buckling of the end panel under a maximum bearing load of 497 kip (2,210 kN) and a deflection
of 0.429 in. (10.9 mm). The second mode buckling failure occurred during the ninth cycle (Run
9). The buckled shape was a full sine wave with the two tension field failure lines visible in the
end panel running from the bottom of the web stiffener to the middle and top of the repair panel.
The girder sustained a load of 450 kip (2,000 kN) after reaching the ultimate capacity to a

105

4 Experimental Results and Observations

maximum bottom flange displacement of 0.839 in. (21.3 mm). after web buckling failure of the
end panel. The girder maintained 90% of the ultimate capacity after the end panel buckled. It was
able to sustain this load through additional displacement cycles as failure progressed. The girder
was pushed to a maximum vertical displacement of the bottom flange of 0.839 in. (21.3 mm)
during the twelfth cycle (Run 12). Slight movement of the splice connection was observed both at
the web and the top flange, but no significant movement was captured in the overall force
displacement response of the girder. Similar to the Full Height 1 repair, minimal damage was
observed in the region encased by the UHPC repair as shown in Figure 4.20. The damage was
isolated to the global buckling of the web end panel. Negligible damage was observed prior to
failure as shown in Figure 4.21.

(a)

(b)
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(c)

(d)

Figure 4.18: Full Height 2 – Buckled end panel
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Figure 4.19: Full Height 2 - bearing force vs. displacement

(a)

(b)

(c)

(d)

Figure 4.20: Full Height 2 – web deformation – a) Run 1-16-kip, b) Run 5-225-kip, c)
Run 9-496-kip, d) Run 12-451-kip
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(a)

(b)

(c)

(d)

Figure 4.21: Full Height 2 – end panel deformation – a) Run 1-16-kip, b) Run 5-225kip, c) Run 9-496-kip, d) Run 12-451-kip
Similar to the Full Height 1 repaired girder, the Full Height 2 repaired girder exhibited
significant yielding of the top flange after web buckling of the end panel. Failure of the girder
increased the force demand on the top flange of the girder leading to large stains of recorded by
the strain gauges on the left and right side of the top flange directly above the end panel of 1,380
με (TFL) and 1,340 με (TFR), respectively. The bottom flange strain gauges on the left and right
sides of the web directly beneath the end panel also showed some signs of yielding as they recorded
maximum strains of 598 με (BF1L) and 627 με (BF1R), respectively, with significant permanent
deformation after unloading. The maximum strain at the location of the plastic hinge in the
Baseline girder was less than ±200 με (EBF-T2 and EBF-B2). The local displacement of the
bottom flange recorded by the displacement transducer, VBB, remained elastic as well with a small
level of permanent deformation.
The deformation of the end panel was monitored by the shear box displacement
transducers. Similar to the Full Height 1 repaired girder, the deformation of the end panel was
restricted to the buckling of the web. This was captured by displacement recorded across the
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diagonal of the shear box (SD), which recorded 0.547 in. (13.9 mm) of displacement. Minimal
deformation and no damage was visible to the perimeter of the end panel including the bearing
stiffener and repair panel, the web stiffener, the top flange, and the bottom flange. Unlike the Full
Height 1 repaired girder, the Full Height 2 repaired girder failed gradually. Buckling deformation
of the top portion of the web was captured by the out-of-plane displacement measurement under
much smaller loads, less than a 100 kip (445 kN) bearing force. This gradual failure may have
been due to imperfections in the geometry and loading of the plate girder specimen, however the
displacement and premature failure was not found to have a significant effect on the overall
performance of the plate girder or the repair during testing.
The global buckled shape of the end panel captured by the out-of-plane displacement
measurements (EP) showed a full sine wave buckled shape, similar to that of the previous full
height repair as shown in Figure 4.22. As the deformation of the end panel progressed, the girder
was still able to maintain a significant portion of the maximum load.

Figure 4.22: Full Height 2 - Out-of-plane web displacement (EP)
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The distribution of strains along the height of the web displayed a similar trend to the Full
Height 1 repaired girder. The demand along the height of the web and stiffener highlight how the
bearing load effected of the repair on the performance of the girder. Significant strain was recorded
in the corroded region of the bearing stiffener, 5,451 με (ST1). Besides the damage to the already
weakened bearing stiffener, no significant strain accumulation, less than 500 με (W1-W8 & ST2),
was observed in the region encased by the UHPC repair. The distribution in strain along the height
of the web at the bearing is shown in Figure 4.23. The two strain gauges on the web above the
UHPC panel (W9 and W10) recorded much larger strains in the steel, 1,820 με and 1,410 με,
respectively. The strain gauges on the bearing stiffener above the UHPC panel (ST3) also recorded
a large strain value of 1,140 με. This increased demand on the girder above the UHPC panel was
the same as that observed in the Full Height 1 repair.

Figure 4.23: Full Height 2 – Strain distribution along the height of the web (W)
The Full Height 2 repaired girder had a more uniform strain distribution in the shear studs
along the height of the web. The bearing force vs. stud strain curves are shown in Figure 4.24. The
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shear studs at the bottom of the repair experienced larger initial strains. The bottom stud (S1) had
the highest recorded strain of 1,580 με, however the two studs at the top of the repair (S6 and S7)
experienced relatively large strains of 1,104 με and 949 με, respectively, after failure. The shear
studs at the top experienced tensile strains only after the global buckling of the web. All studs
experienced yielding and permanent deformation after buckling. The permeant deformation of the
studs may also be due to the large slips that were experienced by the UHPC panel as shown in
Figure 4.25.

Figure 4.24: Full Height 2 – bearing force vs. stud strain
The slip displacement measurement of the left side of the panel (SPL) recorded a maximum
panel slip of (3.22 mm), which was significant compared to the slip capacity of the 0.5-in. (12.7mm) shear studs which is between 0.157-0.197 in. (4-5-mm). The strains on the web of the girder
directly above the shear studs was also more consistent with maximum vertical strains of SV1,
SV3, and SV4 of 1,070 με, 1,390 με, and 1,520 με, respectively. However, the bottom portion of
the web above stud S1, SV1, remained elastic while the top portion of the web above S7, SV4,
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yielded with significant plastic deformation. This was due to the larger bearing forces in the web
at the top of the repair before the load was transferred through the studs to the UHPC repair.

Figure 4.25: Full Height 2 – bearing force vs. panel slip
4.5

HALF HEIGHT REPAIRED GIRDER

The Half Height repaired girder contained the Ductal JS1212 UHPC repair panel with a
compressive strength of 23.3 ksi (161 MPa). No cracking was observed in the UHPC, but there
were signs of debonding at the interface of the UHPC panel, web, and bearing stiffener as shown
in Figure 4.26. The smaller UHPC panel was able to incorporate the same number of headed studs
as the full height panels without encasing the entire height of the bearing end.
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Figure 4.26: Half Height – cracking of UHPC panel at the top of the repair
The Half Height repaired girder also pushed failure of the girder to global web buckling of
the end panel. The buckled end panel is shown in Figure 4.27a. Buckling of the web directly above
the repair was also visible as seen in Figure 4.27b. Figure 4.28 shows the bearing force vs.
displacement curve for the Half Height repair. The girder failed due to web buckling of the end
panel at a maximum bearing load of 472 kip (2,100 kN) and a bottom flange deflection of 0.399
in. (10.1 mm). Failure of the plate girder occurred during the ninth cycle (Run 9). Unlike the fullheight repairs, the Half Height repaired girder had a half sine wave buckled shape. The first mode
buckling failure occurred with a single tension field failure line. The tension field formed from the
base of the web stiffener to the top of the bearing stiffener, which is typical of shear failure in plate
girders with thin web plates.
The out-of-plane displacement of the web of the end panel became more pronounced
during the eighth cycle (Run 8). After buckling failure of the end panel, the girder was able to
maintain a bearing force of approximately 400 kip (1780 kN), which corresponds to 85% of the
ultimate load capacity of the girder. The load was maintained for the duration of the displacement
controlled cycles which pushed the bottom flange deflection of the girder to a maximum
displacement of 0.827 in. (21 mm). Throughout the duration of testing, only a small amount of slip
was captured in the splice connection. Both the web and the flange experienced less than 0.024 in.
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(0.6 mm) of slip. The progression of buckling of the web is shown in Figure 4.29. Unlike the full
height repairs, the entire web at the bearing does not remain undamaged. The portion of the web
that was exposed above the repair buckled. The buckling of the end panel still occurred suddenly
upon failure as shown in Figure 4.30.

(b)

(a)
Figure 4.27: Half Height – buckled web
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Figure 4.28: Half Height - bearing force vs. displacement

(a)

(b)

(c)

(d)

Figure 4.29: Half Height – web deformation – a) Run 1-16-kip, b) Run 5-228-kip, c)
Run 9-472-kip, d) Run 11-401-kip
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(a)

(b)

(c)

(d)

Figure 4.30: Half Height – end panel deformation – a) Run 1-16-kip, b) Run 5-228-kip,
c) Run 9-472-kip, d) Run 11-401-kip
The Half Height repaired girder also exhibited yielding of the top flange after failure of the
end panel. Significant load demand was placed on the top flange after buckling occurred because
of the redistribution of the load path. The strain gauges on the top flange on the left (TFL) and
right side (TFR) of the web of the girder recorded strain values of 1,750 με and 1,820 με,
respectively. The bottom flange gauges directly beneath the end panel yielded as well with
maximum strains of 356 με (BF1L) and 400 με (BF1R), respectively. But, the yielding of the
bottom flange was not as significant as the top flange. Similar to the other repaired girders, the
bottom flange directly at the bearing did no yield like the baseline, unrepaired girder. The strains
in the bottom flange at the bearing were less than ±250 με (EBF-T2 and EBF-B2). The
displacement of the bottom flange at the bearing also remained elastic, VBB.
The shear box captured the deformation of the end panel throughout testing. The
deformation was mostly isolated to the diagonal of the shear box (SD) which had a maximum
displacement of 0.59 in. (15.1 mm). The web stiffener, top flange, and bottom flange remained
undamaged. However, the web and stiffener at the bearing buckled above the UHPC repair panel.
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The vertical displacement of the shear box at the bearing (SVF) captured a displacement of 0.046
in. (1.18 mm). The buckled shape of the end panel was captured by the string potentiometers
measuring the out-of-place displacement of the web (EP). The maximum horizontal displacement
of the web was approximately at the center height of the web. The buckled shape of the end panel
is shown in Figure 4.31. The center maximum of the buckled shape fell almost directly at the
location of the triaxial gauge, T3. This point had the maximum strain following the compressive
strut (T3C) strain of 10,500 με. The top of the web of the girder experienced the largest vertical
strain (T5V) and strain along the tension field (T5T) of 6,240 με and 11,100 με where the load was
redirected after buckling failure of the web towards the top flange of the girder.

Figure 4.31: Half Height - Out-of-plane web displacement (EP)
The corroded region of the web had significant strain accumulation even with the
implementation of the repair. The damaged web of the girder had a maximum strain of 7,720 με
(W1). However, upon unloading, the corroded portion only experienced 3,980 με of residual strain.
The small-level of permanent deformation indicated the large restoring force of UHPC cast. The
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stiffener had a maximum strain of 915 με (ST1) with minimal permeant damage. The difference
in stain between the UHPC encased web and stiffener within the damage region would suggest
that the large strain in the web was most likely due to local deformations. However, similar to the
other repairs the rest of the strains along of the height of the web encased in the UHPC repair were
less than 710 με. The distribution of strain along the height of the web at the bearing is shown in
Figure 4.32. A large demand was placed on the web above the half height UHPC repair. The strain
gauges on the web above the repair (W11 and W12) had strain values larger than 2,000 με. The
two strain gauge on the stiffener directly at the top of the repair (ST2) also had a large strain of
1,128 με and substantial permeant deformation. The half height repair was successful at relieving
the encased portion of the bearing end of excessive force demand, however the area of the bearing
end not encased in UHPC experienced very large force demands.

Figure 4.32: Half Height – Strain distribution along the height of the web (W)
For the Half Height repaired girder, the strains in the shears studs was fairly uniform.
Figure 4.33 shows the bearing force vs. stud strain curves. Similar to the full-height repairs, the
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studs at the bottom of the repair were activated first. The bottom three strain gauges (S1, S2, and
S3) experienced the largest strains of 841 με, 1,090 με, and 891 με, respectively. As loading
progressed, the top studs were activated. Only minimal yielding was observed in all of the
instrumented studs of the Half Height repair. Only the top stud (S7) in the staggered column
experienced yielding and permeant deformation, most likely due to the web end panel failure.
Unlike the full-height repairs, the studs in the half-height repair remained relatively undamaged
upon failure of the girder.
The web directly above the top stud (SV4 and SH4) also experienced a large amount of
yielding. This shows that the load path for the Half Height repaired girder was redirected to the
repair immediately putting a large demand on the top studs and the web at the top of the repair in
order to relieve the load from the damaged portion at the bottom of the web.

Figure 4.33: Half Height – bearing force vs. stud strain
The Half Height repaired girder experienced much smaller panel slips than the full height
repaired girders. The limited yielding observed in the studs reduced the slip between the UHPC
panels and the web. This may be due to the tight cluster of studs in a localized region and the
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smaller UHPC panel, which reduced the relative slip. The left panel (SPL) had a slip of 0.019 in.
(0.47 mm) before the girder failed. When the web of the girder buckled it forced the panel to rotate,
ultimately lifting the left panel by 0.028 in. (0.717 mm). The right panel (SPR) had a slip just over
0.02 in. (0.5 mm) as shown in the force-slip curve in Figure 4.34. Since the shear studs which were
instrumented on the right side did not exhibit any yielding, the slip of the UHPC panel remained
elastic and did not increase as the displacement-controlled cycles continued. The combination of
small panel slip and strains in the studs indicate a smaller force demand on the Half Height repaired
girder compared to the full height repairs.

Figure 4.34: Half Height – bearing force vs. panel slip
4.6

EXPERIMENTAL RESULTS DISCUSSION AND COMPARISON

The results of the four full-scale plate girder experimental tests were compared to evaluate the
performance of the proposed UHPC repair to restore the capacity of the damaged girder. Figure
4.35 shows the comparison of the backbone curves of the bearing force-deflection relationships
for all four experimental tests. All four plate girders were fabricated based on the design of 50+
year old plate girders built in Connecticut. The as-built undamaged plate girders had a design shear
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capacity of 360 kip (1,600 kN) shown with the solid horizontal line in Figure 4.35 (AASHTO
2012).
Simulated corrosion damaged was introduced to each of the girders to represent the typical
condition of girders in the field that are in need of repair. Each of the girders had a similar level of
section loss at the bearing end. The thickness of the web and bearing stiffeners within the damaged
region of the four plate girders were reduced by a minimum of 66% and 50%, respectively limited
to the bottom 5-in. of the girder. According to AASHTO 6.10.11.2, the section loss reduced the
effective bearing area of the girder end by a minimum of 55%.
The Baseline girder was tested to determine the capacity of a damaged plate girder. The
Baseline girder failed due to crippling of the damaged web and stiffener at the bearing end at a
maximum bearing load of 95.3-kip. The reduction in bearing area caused a 73.5% reduction in the
experimental bearing capacity of the Baseline girder compared to the original design shear
capacity. After the local buckling initiated, a plastic hinge developed in the bottom flange of the
girder directly adjacent to the bearing.
The repaired girders were able to restore the bearing capacity of the girder over the original
design shear capacity. The Full Height 1, Full Height 2, and Half Height repaired girders improved
the capacity by 46.2%, 38%, and 31%, respectively. The repaired girders had a capacity over five
times greater than the Baseline girder. The increase in capacity demonstrated the ability of the
repair to provide an alternative load path and relieve the damaged steel of significant force demand.
Figure 4.35 shows the force-displacement backbone curves of each of the four tests compared to
the design capacity.
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Figure 4.35: Comparison of bearing force-bottom flange displacement backbone
relationship for the experimental specimens
The three repair methods prevented web crippling of the damaged region as shown in
Figure 4.36. All three repaired girders failed due to global web buckling of the end panel, which
was the typical shear failure mode for plate girders. However, the full-height repairs had a full sine
wave, second mode buckled shape of the web end panel and the half-height repair had a half sine
wave, first mode buckled shape of the web end panel. The capacity of the Full Height 1 and Full
Height 2 repaired girders were 11.7% and 5.3% larger than the Half Height repaired girder,
respectively. The increase in capacity may be attributed to the additional lateral support provided
by UHPC panel on the entire height of the web. The capacity of the Full Height 1 repaired girder
was 6% larger than the capacity of the Full Height 2 repaired girder. This may be attributed to: 1)
the Ductal JS1000 compressive strength was larger than the Ductal JS1212 compressive strength,
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29.3 ksi (202 MPa) compared to 25.3 ksi (174 MPa) and 2) the studs were welded 25.4 mm (1 in.)
higher on the web for Full Height 1 repair.

(a)

(b)

(c)

(d)

Figure 4.36: Front view of the experimental specimens after testing: a) Baseline; b) Full
Height 1; c) Full Height 2; d) Half Height
Application of the repair reduced the force demand on the bottom flange preventing the
formation of a plastic hinge in the bottom flange of the girder, which occurred in the Baseline
girder. The strains in the bottom flange of the repaired girders were over 70% smaller than those
recorded in the Baseline girder. The repairs shifted the load demand to the top flange after web
buckling of the end panel. Maximum strains of 1,470 με, 1,380 με, and 1,820 με were experienced
in top flange of the Full Height 1, Full Height 2, and Half Height repaired girders, respectively,
compared to 43 με in the Baseline girder.
The repair also reduced the force demand and strain accumulation on the damaged portion
of the web and bearing stiffeners. Figure 4.37 shows the bearing strain along the height of the web
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for the four experimental tests. The maximum strains on the damaged portion of the web for all
three repaired girders were more than 10 times smaller than the strains on the Baseline girder.
However, the repair placed a significant demand on the web directly above the UHPC panel. The
strains recorded in the web above the UHPC panel were 6.5, 3.6, and 8.3 times larger than the
strains recorded in the UHPC encased portion of the web for the Full Height 1, Full Height 2, and
Half Height repaired girders, respectively.

Figure 4.37: Comparison of the distribution of bearing strain along the height of the
web for the experimental specimens
The strains recorded in the shear studs highlighted the transfer of the bearing forces from
the web to the UHPC panel bypassing the damaged region of the web. Figure 4.38 shows the
bearing force-strain relationship for the top and bottom shear studs of the three repairs. The studs
at the bottom of the repair (S1, S2, S3) were activated first in tension, while the studs at the top of
the repair (S6, S7) initially experienced compression. Under small bearing forces, local
deformation of the damaged region initiated load transfer through the bottom studs. All studs
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instrumented in the full-height repairs experienced significant yielding. Minimal yielding and
deformation was observed in the studs of the Half Height repair. The bottom stud in the half-height
repair was approximately 49% stiffer than the bottom studs in the full-height repairs. This may be
attributed to the tighter spacing of the studs resulting in a more uniform distribution of forces in
the half-height repair. However, the main difference between the strains in the studs in the halfand full-height repairs was due to the tensile forces generated in the studs of the full-height repair
from the out-of-plane buckling deformation of the web plate. Since the buckled web in the halfheight repair was outside the UHPC cast, the tensile forces in the studs were smaller; mainly
resulting from the shear force transfer.

Figure 4.38: Comparison of the bearing force-axial stud strain relationship for the top
(S7) and bottom (S1) shear studs for the experimental specimens
The bearing force-slip relationship between the UHPC panel and the web for all three
repaired girders is shown in Figure 4.39. The relationship may be used to identify the remaining
capacity of the shear studs. Kruszewski et al. (2018a) noted that yielding and shear failure of 12.7
mm (0.5 in.) diameter shear studs occurred at UHPC panel slips between 0.19-0.38 mm (0.007126
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0.015 in.) and 4-5 mm (0.157-0.197 in.), respectively. The Full Height 1 and Full Height 2 repaired
girders experienced maximum UHPC panel slips of 2.94 mm (0.116 in.) and 3.22 mm (0.127 in.),
respectively, indicating significant yielding of the shear studs. The studs were at approximately
60-80% of the maximum displacement capacity. The Half Height repaired girder had a maximum
panel slip of 0.53 mm (0.021 in.), approximately 6 times smaller than the full-height repaired
girders. The half-height repair experienced minimal yielding of the studs and negligible residual
slip upon unloading utilizing only 10-15% of the maximum displacement capacity. Therefore, the
studs in the half-height repair had significant reserve capacity compared to the full-height repairs.

Figure 4.39: Comparison of the total bearing force per the number of studs -UHPC panel
slip displacement relationship for the experimental specimens
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5
5.1

Finite Element Analysis
INTRODUCTION

Understanding the full-scale performance of the repair is critical prior to field implementation. A
complete understanding of the repair will allow engineers to customize the repair for bridges with
varying conditions and optimize the design for different levels of load demand. Analytical finite
element models were created to validate the capacity of an as-built plate girder, a damaged plate
girder, and the full-scale experimental tests conducted on the repair. The formulation and
development of material models and model definitions for the finite element models are presented.
The development of the UHPC material model, the shear stud definition, and UHPC-stud
interaction are described in detail. The novelty of the modeling methodology lies in the formulation
of the stud-UHPC interaction, which may be easily modified or adapted for different designs.
Through this research, an efficient modeling approach was developed to implicitly model the
headed shear studs to accurately capture the interaction between the studs, the steel girder, and
UHPC panel. Accurately modeling the headed shear studs was critical to capture the force transfer
within the repair as these elements directly govern the performance of the repair. Engineers may
use the models presented as a tool when designing this repair for specific bridges. The models may
be used to conduct parametric studies to quantify the effects of different design parameters such
as stud diameter, stud layout, UHPC panel geometry, and UHPC compressive strength. Analytical
models may serve as an effective and cost-efficient substitute for full-scale experimental tests.
The goal of this study was to develop a refined analytical modeling methodology for a
novel repair method for corroded steel girder ends using UHPC. The analytical models were
developed in LS-Dyna, a general-purpose finite element program. LS-Dyna is an explicit solver
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capable of refined analysis for different material models and the ability to effectively model
geometric nonlinearities (LSTC 2017). The basis for the methodology used was adopted from
finite element models developed by Zmetra (2015). The finite element models were refined and
calibrated to ensure accurate behavior of both the small-scale and full-scale experiments were
captured. The models were required to predict the maximum capacity, failure mode,
displacements, and strains observed in the experimental tests. The research approach for the finite
element modeling methodology was divided into three tasks. First, a refined material model was
created for UHPC based on techniques used by previous researchers. The second task was to
develop a formulation for the stud-UHPC interaction. This task was completed by modeling a
small-scale push-out test for shear studs embedded in UHPC. The goal was to create a stud
formulation that could be easily integrated into the full-scale models. The final task was to generate
full-scale finite element models for the experimental plate girder tests. The finite element results
were used to validate the experimental results presented in the companion paper. The formulation
of the models presented may be used for further investigation on the performance of the repair for
specific applications.
5.2

UHPC MATERIAL MODEL

5.2.1 Overview
UHPC is a relatively new class of cementitious material with improved mechanical and durability
properties compared to conventional concrete material (Graybeal 2006; Russell and Graybeal
2013). UHPC has very high compressive and tensile strengths, low permeability, and large postcrack tensile resistance. These advantages along with several others make UHPC an ideal
construction material for structural engineering applications. However, there are still several
complexities that still need to be addressed regarding the behavior of the material in order to
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develop design guidance for use of the material. Therefore, the first task of this research project
was to develop an accurate material model for UHPC in LS-Dyna to ensure that the behavior of
the material is capture in the analytical simulations.
5.2.2 Karagozian & Case Concrete Damage Model
The Karagozian & Case (K&C) concrete model has been widely used in LS-Dyna to model UHPC
(Mao et al. 2014; Xu and Wille 2015; Yin et al. 2017). The plasticity concrete material model was
originally developed to consider strain rate effects for analysis of concrete structures subjected to
blast loading (Malvar et al. 1997). The most recent version of the K&C model in LS-Dyna,
Material #72, ensures that the material response follows experimental tests for the uniaxial and
triaxial

behavior

of

concrete

under

both

tension

and

compression

(*MAT_CONCRETE_DAMAGE_REL3) (LSTC 2017). The concrete damage model uses the
three stress invariants (I1, J2, and J3). Three independent strength surfaces are considered: the
yield failure surface, maximum failure surface, and residual failure surface. The failure surfaces
can be expressed as follows:
𝑝

∆𝜎𝑦 = 𝑎0𝑦 + 𝑎

1𝑦 +𝑎2𝑦 𝑝

∆𝜎𝑚 = 𝑎0 + 𝑎

𝑝

1 +𝑎2 𝑝

∆𝜎𝑟 = 𝑎

𝑝

1𝑓 +𝑎2𝑓 𝑝

(1)
(2)
(3)

where Δσy, Δσm, and Δσr are the yield surface, maximum surface, and residual surface, respectively,
and p is the hydrostatic pressure. The eight variables a0, a1, a2, a0y, a1y, a2y, a1f, and a2f are
parameters for each of the failure surfaces where aiy, ai, and aif correspond to the yield, maximum,
and residual surfaces, respectively.
The principle stress difference, Δσ, can be found by the following two equations.
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∆𝜎 = 𝜂(∆𝜎𝑚 − ∆𝜎𝑦 ) + ∆𝜎𝑦

𝜆 ≤ 𝜆𝑚

(4)

∆𝜎 = 𝜂(∆𝜎𝑚 − ∆𝜎𝑟 ) + ∆𝜎𝑟

𝜆 > 𝜆𝑚

(5)

In the equations above, the principle stress difference, Δσ, is dependent on the yield surface, Δσy,
maximum surface, Δσm, and residual surface, Δσr, and the failure surface scale factor, η. The failure
surface scale factor, η, is a function of the effective plastic strain, λ. The function, η(λ), defines
damage progression of the concrete material. Yielding is initiated when η(0)=0. The maximum
failure surface is reached when η(λm)=1. The residual failure surface is reached when η(λr)=0.
The K&C model requires damage evolution parameters, which control softening of the
stress-strain relationship in tension and compression. The parameters b1, b2, and b3 correspond to
the compressive, tensile, and triaxial tension damage scaling coefficients, respectively. The
analytical material model requires an equation of state (EOS) for the pressure-volumetric strain
response. The EOS is a function of pressure, p, volumetric strain, εv, and bulk unloading modulus,
K.
5.2.3 Selection of Parameters
This section will detail the procedure used to model UHPC with a compressive strength of 28 ksi
(193 MPa) using the K&C concrete damage model in LS-Dyna. The UHPC unconfined
compressive strengths (f’c) at the time of testing for the experimental push-out test and the three
full-scale repaired plate girder tests are presented in Table 5.1. The experimental stress-strain
relationship for the push-out test UHPC is shown in Figure 5.1. The compressive strength of the
UHPC was found from experimental cylinder tests conducted according to ASTM C39 and C1856
(ASTM 2017a; 2018).
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Table 5.1: UHPC unconfined compressive strength
Experiment
Push-out
Full Height 1
Full Height 2
Half Height

f’c [ksi (MPa)]
28.0 (193)
29.3 (202)
25.3 (174)
23.3 (161)

Figure 5.1: Comparison of the analytical and experimental unconfined compressive
stress vs. strain relationship
In order to evaluate the uniaxial unconfined compressive strength of the analytical UHPC
material, a finite element model was created for a 3-in. (76.2-mm) diameter, 6-in. (152-mm) tall
cylinder. Constant stress solid elements with reduced integration (*SECTION_SOLID Eq. 1) were
used to model the cylinder. Flanagan-Belytschko stiffness form and exact volume integration
(*HOURLASS Eq. 5) were considered. The top nodes of the cylinder were displaced at a constant
rate to represent the displacement-controlled loading during experimental testing.
The analytical UHPC material model was first evaluated based on the suggested parameters
provided by LS-Dyna. The third release of the K&C material model allows for the automatic
generation of material parameters for a “generic” concrete based on the unconfined compressive
strength of the material (Magallanes et al. 2010). These parameters are generated based on
extensive experimental tests for uniaxial unconfined compressive strength, uniaxial tensile
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strength, and triaxial compressive strength. The default compressive strength for the automatically
generated model is 6.5 ksi (45 MPa).
For automatic parameter generation, the K&C model requires user input for the unconfined
compressive strength and Poisson’s ratio of UHPC. An unconfined compressive strength of 28 ksi
(193 MPa) was used based on the strength of the UHPC mix used for the push-out tests. A
Poisson’s ratio of 0.16 was used for this study (Haber et al. 2018). The stress-strain relationship
for the automatically generated analytical UHPC material model compared to the experimental
results it shown in Figure 5.1.Similar to other researchers, the analytical behavior of the
automatically generated material model deviated from the experimental results for high-strength
concrete.
Modifications were made to the material model to adjust the stiffness, damage progression,
and capacity of the UHPC. The eight failure surface parameters are critical for establishing an
accurate concrete material model. Markovich et al. (2011) developed closed-form equations to
solve for these failure surface parameters. The equations were used to calculate the values for each
of the parameters presented in Table 5.2.
Table 5.2: Failure surface parameters
Parameters
Value
Unit
a1
23.9
MPa
a2
0.300
a3
0.00115
1/MPa
a0y
13.0
MPa
a1y
0.450
a2y
0.001943
1/MPa
a1f
0.477
a2f
0.000595
1/MPa
Previous research showed that the stiffness of UHPC does not have the same relationship
with compressive strength as normal strength concrete (NSC) (Haber et al. 2018). Equation 6 and
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7 show the relationship between the Young’s modulus, E, and compressive strength of NSC and
UHPC, respectively.
𝐸 = 4700√𝑓𝑐′ (𝑀𝑃𝑎)

(6)

𝐸 = 3760√𝑓𝑐′ (𝑀𝑃𝑎)

(7)

Since the bulk modulus is directly related to the Young’s modulus, the EOS was adjusted to
represent the actual stiffness of the UHPC material (Yin et al. 2017). The values used for the
volumetric strain, εv, pressure, p, and bulk modulus, K, for the EOS are shown in Table 5.3.
Table 5.3: Equation of State (EOS)
εv

p
K
(MPa)
(MPa)
0
34,900
-0.0015
51.0
34,900
-0.0043
114
35,400
-0.0101
183
37,100
-0.0305
347
44,200
-0.0513
525
51,200
-0.0726
744
58,300
-0.0943
1,140
63,600
-0.174
6,650
143,000
-0.208
10,200
174,000
The inelastic response of UHPC varies from the behavior of NSC. Initial yielding of UHPC
occurs closer to the ultimate compressive strength. Due to the inclusion of steel fibers in UHPC,
concrete cracking does not have a noticeable effect on the linear elastic response for UHPC under
low strain compared to NSC. The inelastic behavior of the UHPC is reflected in the damage
progression curve, η(λ), in Table 5.4. The damage scaling coefficients, b1, b2, and b3, were taken
as their default values of 1.6, 1.35, and 1.15, respectively. The uniaxial tensile strength, ft, of the
UHPC was calculated using the following equation (Russell and Graybeal 2013):
𝑓𝑡 = 0.65√𝑓𝑐′ (𝑀𝑃𝑎)

(8)
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A uniaxial tensile strength of 9 MPa (1.3 ksi) was used for the UHPC material model.
Table 5.4: Damaged Progression
λ
η
0
0
-5
5.0·10
0.85
-5
5.6·10
0.95
-5
5.8·10
0.98
-5
5.9·10
1.00
-5
6.2·10
0.99
-5
7.4·10
0.97
-4
1.0·10
0.79
-4
3.2·10
0.50
-4
5.9·10
0.33
-3
1.1·10
0.10
-3
2.0·10
0.05
100
0
The stress-strain relationship for the final uniaxial unconfined compressive strength of the
UHPC material model is shown in Figure 5.1. The response of the analytical UHPC material model
exhibited an accurate representation of the behavior observed for the experimental unconfined
compressive strength.
5.3

PUSH-OUT TESTS

5.3.1 Overview
As part of this research, a series of push-out tests were conducted on headed shear studs welded to
a 0.375 in. (9.5 mm) thick plate and embedded in UHPC (Kruszewski et al. 2018a; 2018b). The
objective was to study the effect of stud diameter, stud arrangement, and compressive strength of
UHPC on the capacity and failure mechanism of headed shear studs embedded in UHPC.
Kruszewski et al. (2018a) determined that headed shear studs welded to a thin web plate still
achieved full plastic capacity. It was found that the layout of the studs did not have a significant
effect on the capacity. A finite element model of a push-out tests was constructed in LS-Dyna to
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model the experimental behavior. The modeling methodology for the headed shear studs was
developed to capture the interaction between the web plate, shear studs, and UHPC observed in
the experimental tests. The goal was to calibrate a shear stud model, which could be incorporated
into the full-scale models of the UHPC repair.
5.3.2 Experimental Push-out Tests
Kruszewski et al. (2018a) presents a full description of the experimental push-out tests. An
overview of the full experimental test setup and the full design are shown in Figure 5.2 and Figure
5.3, respectively. The benchmark experimental test consisted of eight 0.5-in. (12.7-mm) diameter
studs welded onto a 0.375-in. (9.5-mm) thick steel web. The studs were welded in a single column
of four studs with a center-to-center spacing of 2 in. (50 mm) on each side of the web. Two UHPC
panels were cast separated by a small 0.5-in. (12-mm) gap at the base of the web to allow the
panels to act independently.

Figure 5.2: Experimental push-out test setup with instrumentation
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Figure 5.3: Design of the push-out specimens
The experimental tests were conducted in a universal testing machine. The specimens were
mounted on a spherical bearing to accommodate any rotations or imperfections during testing.
Only a small portion of the web and the flanges were loaded to avoid excessive demands on the
thin web. The relative displacement between the UHPC panel and the steel web was monitored as
it is directly related to the ductility of the shear studs. This displacement was referred to as panel
slip. All specimens failed due to shear rupture of the headed shear studs at the interface between
the weld collar and the UHPC panel. Negligible damage was observed in the UHPC aside from
local crushing caused by bearing on the weld collar.
The experimental force per stud-panel slip relationship for a benchmark push-out test with
a UHPC compressive strength of 28 ksi (193 MPa) is shown in Figure 5.4. The force per stud was
found by dividing the total capacity of the specimen by the number of studs. The capacity of the
experimental specimen was 15.9 kip/stud (70.7 kN/stud). The maximum slip sustained prior to
shear failure of the studs was 0.172 in. (4.4 mm).
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Figure 5.4: Force per stud versus relative slip displacement between the web and UHPC
panel comparison between the experimental and analytical results
5.3.3 Development of Push-out Model
The following section details the construction of the finite element push-out test models. The
development of the material model for the steel girder, overall geometry, and contact definitions
are presented. The final geometry and mesh of the push-out model are shown in Figure 5.5.

(a)

(b)

(c)

138

5 Finite Element Analysis

(d)

(e)

(f)

Figure 5.5: Finite element model geometry for the push-out test: a) Plan view; b)
Elevation; c) Side view; d) Solid spot weld elements; e) Plan view cross -section; f) Side
view cross-section
An elasto-plastic steel material model was developed to represent the behavior of the steel
girder. During experimental testing, plastic deformation of the steel web was observed directly
beneath the stud, therefore it was critical that the finite element model was capable of capturing
yielding of the base steel section. The LS-Dyna Material #24 was chosen because it allows a user
defined stress-strain relationship to be input (*MAT_PIECEWISE_LINEAR-PLASTICITY)
(LSTC 2017). The effective stress-effective plastic strain relationship was found based on tensile
tests conducted on the steel girder material according to ASTM A370 (ASTM 2017b). A Young’s
modulus of 29,000 ksi (200 GPa) was used to model the elastic response of the steel. The failure
criteria were modeled based on the General Incremental Stress-State dependent damage model
(GISSMO) (*MAT_ADD_EROSION). As the damage parameters in the GISSMO model
increase, the stress in the elements decrease to represent the plastic softening behavior. Upon
damage initiation, the plastic strain and ultimate strain of the steel were calculated as a function of
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the stress triaxiality factor. The relationship between triaxiality, instability, and failure strains were
adopted from previous research (Effelsberg et al. 2012).
The finite element model was assembled with realistic geometry and contact definitions to
represent the experimental test. The steel girder section was constructed with fully integrated, four
node, two-dimensional shell elements (*SECTION_SHELL Eq. 16) with hourglass control that
activates full projection warping stiffness (*HOURGLASS Eq. 8). Fully integrated shell elements
were chosen due to the high strain demands observed on the thin web during testing. Similar to the
UHPC cylinder, the UHPC panels were modeled with constant stress solid elements with
Flanagan-Beytschko stiffness form and exact volume reduced integration. The spherical bearing
was modeled with constant stress solid elements with reduced integration. An elastic steel material
model was used for the bearing. The bearing was free to rotate about the longitudinal and
transverse directions.
Surface-to-surface contacts were assigned between the steel web and the UHPC panels and
the UHPC panels and the bearing. A coefficient of friction of 0.3 and a coefficient of damping of
0.2 were assigned to both contact surfaces. The displacement-controlled loading of the
experimental tests was simulated by displacing the flanges and a portion of the web.
5.3.4 Definition of Shear Stud Model
The formulation of the shear stud model based on experimental results is presented in this section.
The experimental push-out tests indicated that the governing failure model of headed studs
embedded in UHPC is shear failure of the stud stank at the base of the weld collar (Cao et al. 2017;
Hegger et al. 2004; Kruszewski et al. 2018a). Figure 5.6 shows the failure pattern of the push-out
test including the shear failure of the stud and the local crushing of the UHPC caused by bearing
of the weld collar. All damage was concentrated at the base of the studs at the interface between
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the web and UHPC panels. Negligible internal cracking or debonding was observed along the
shank of the stud encased in UHPC. Therefore, explicit modeling of the stud geometry was not
required to capture the interaction between the shear studs, UHPC panels, and steel web.

(a)

(b)

Figure 5.6: Shear failure of headed studs embedded in UHPC directly at the base of the
weld collar: a) Interface of the web with weld collar remaining intact; b) Local crushing
of the UHPC with headed stud embedded
The shear studs were implicitly modeled using spot weld elements. Spot welds have been
used in LS-Dyna to model composite floors and bolted connections (Main and Sadek 2012;
Sonnenschein 2008). The spot weld mesh is independent of the mesh of both the web and UHPC
panels. This allowed the studs to be easily moved to different locations without adjusting the mesh
of other elements. The spot welds were comprised of four, fully integrated solid elements created
using LS-Dyna’s automatic spot weld generation tool. The only input required to generate the
geometry of the elements was the diameter of the spot weld and the part number of the connecting
elements. The theoretical height of the spot weld was taken as the contact thickness between the
two-dimensional shell elements representing the steel web and three-dimensional solid elements
representing the UHPC panel as shown in Figure 5.5f. The weld collar diameter was used as the
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spot weld diameter because the profile of the weld collar was the bearing surface on the web and
UHPC. This was the location where damage was restricted during the experimental tests. The
diameter of the weld collar was found to be 1.4db or 0.7 in. (13.3 mm), where db was the diameter
of the 0.5-in. (12.7-mm) headed shear studs. The spot welds used Flanagan-Beytschko hourglass
control.
The default material model for the spot welds was used (*MAT_SPOT
WELD_DAMAGE_ FAILURE). The material model required a user defined stress-strain
relationship and material failure criteria. The experimental stress-strain relationship for the shear
stud material could not be input because the studs were not explicitly modeled. Thus, the
experimental force per studs versus UHPC panel slip results were input as the stress-strain
relationship. Both axes of the curve were scaled to achieve the desired force-slip relationship of
the analytical model. The effective plastic strain of the studs was defined as the failure criteria.
The default spot weld contact definition was used between the web, UHPC panels, and
spot welds (*CONTACT_SPOT WELD). The contact definition was automatically assigned
during the automatic spot weld generation. A coefficient of friction of 0.3 and a coefficient of
damping of 0.8 were applied to the contact surfaces.
The comparison between the analytical and experimental push-out test results is shown in
Figure 5.4. Implicitly modeling the headed shear studs as spot weld elements improved the
computational efficiency of the finite element model. The spot weld material and contact definition
captured the behavior observed in the experimental tests including the ductility and shear failure
of the studs. The slip displacement at failure of the analytical model was within 4% of the
experimental results. Figure 5.7 shows the shear performance of the spot welds and the ductility
observed.
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(a)

(b)

Figure 5.7: Spot weld interaction and performance –a) zero load, b) maximum load

5.4

FULL-SCALE PLATE GIRDER TESTS

5.4.1 Overview
The previous section discussed the results of the four full-scale experimental tests conducted on
corroded plate girders. The four tests included a baseline, corroded girder and two full-height and
one half-height UHPC repaired girders with 28 headed shear studs. The girders were referred to as
the Baseline girder, the Full Height 1 repaired girder, the Full Height 2 repaired girder, and the
Half Height repaired girder. The objective of these tests was to evaluate the full-scale performance
of the UHPC repair method to rehabilitate corrosion damaged girders. The following section will
detail the development of finite element models used to validate the experimental results. The
finite element models may be used to further investigate specific repair designs.
5.4.2 Development of the Plate Girder Model
This section details the construction of the full-scale finite element model. The finite element
models represented the dimensions and material characteristics of the experimental plate girder.
The overall finite element model geometry and mesh are shown in Figure 5.8.
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Figure 5.8: Finite element geometry for the full-scale plate girder
The steel web, flanges, and stiffeners of the girder were modeled with the elasto-plastic
steel material, Material #24. The material models for each part were created based on material
properties from mill specifications provided by the steel supplier. The mill specifications provided
the yield stress, tensile stress, and strain at failure for each plate thickness.
Four-node, two-dimensional shell elements were used to model the steel web, flange, and
stiffener plates. Fully integrated shell elements were used because of their efficiency in capturing
yielding, shear buckling, web crippling, and localized damage compared to solid elements. The
element formulation allowed the model to capture the complex stress fields that formed in the end
panel and top and bottom flanges. Hourglass control was used to activate warping stiffness for all
shell elements to capture large post-failure deformations.
The plate girder was modeled with three different mesh sizes to improve computational
efficiency. A fine mesh size was used for the corroded region of the end panel where the web and
stiffeners experienced section loss. The finer mesh was necessary to capture localized damage
within the corroded region. The end panel of the girder contained a medium size mesh and the far
end of the girder, or permanent end, had a course mesh.
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The corrosion damage was introduced to the analytical model as a uniform section loss.
The cross-sectional area of the web and stiffener were reduced by 80% and 60%, respectively.
This corresponded to a thickness loss of 0.15 in. (3.8 mm) on each steel surface. Although the
section loss for the experimental tests was not uniform, preliminary results showed this assumption
still allowed the model to capture the failure mode of the Baseline girder. Further refinements may
be made to more accurately model the section loss within the damaged region.
The location of the splice connection was modeled as a separate part connected to the steel
web. The splice plate had a larger thickness due to the splice plates to ensure that no additional
deformation occurred in this region. The splice connection for the experimental test was designed
as a slip critical connection for the full plastic shear capacity of the plate girder, thus no global
movements or excessive deformation should be observed.
5.4.3 Boundary Conditions, Constraints, and Loading
The following section details the modeling methods used for the boundary conditions, localized
constraints, and loading of the plate girders. The models were required to represent the full
experimental setup. The lateral restraint chains were modeled by fixing the nodes at the connection
points of the chains in the transverse direction. The locations of these points are indicated with
stars in Figure 5.8. The chains were initially modeled as one-dimensional, beam elements, however
since minimal lateral force was exerted on the beam elements, only translational movement of
individual nodes was fixed to reduce computation time. A single point on the top flange at the
center of the loading was fixed in the longitudinal direction to account for the full restraint provided
by the chains. This prevented global longitudinal movement of the girder during testing.
The spherical bearing attached to the load ram was model using solid elements with elastic
steel material properties. The nodes on the top surface were constrained as a rigid body. The
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surface was allowed to rotate about the centroid of the spherical geometry of the bearing. The top
nodes of the spherical bearing were displaced vertically to apply a displacement-controlled load to
the girder. A surface-to-surface contact was defined between the spherical bearing and the top
flange. The loading was increased gradually to represent the quasi-static loading applied during
the experimental tests.
The experimental disc bearings were comprised of a polytetrafluoroethylene (PTFE) layer
to allow for relatively frictionless translation of the girder in the longitudinal direction and a
polyurethane disc to allow for rotation of the bearing about the longitudinal and transverse axes.
The bearings were modeled as three separate components: a top steel plate, a polyurethane disc,
and a bottom steel plate. The surface-to-surface contact between the top plate and the bottom flange
was assigned a coefficient of friction of 0.05 to represent the PTFE layer. The polyurethane disc
was modeled as an elastic material. The stiffnesses of the polyurethane for both bearings were
calculated based on uniaxial experimental tests conducted on the bearings. The bottom surface of
the disc was constrained to rotate about the center of the disc. The translation and rotation of the
bottom surface of the bottom steel plate were fixed in all directions. Figure 5.9 shows the
constraints that were assigned to the bearings and load ram to allow for rotational movement about
the center of rotation for each component.
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Figure 5.9: Load ram and bearing constraints
5.4.4 Implementation of the Repair
The repair was introduced by creating four solid UHPC parts on each side of the stiffener and web
to represent the UHPC repair panels. The panels were created with constant stress solid elements.
The UHPC panels were 6-in. (152-mm) wide and 6.375-in. (162-mm) thick. The heights of the
repairs are shown in Figure 2.13. The UHPC material used for each of the plate girder tests was
based on the compressive strength of the UHPC at the time of testing shown in Table 5.1. The
K&C material model described above was used for each different UHPC mix. A surface-to-surface
contact was defined between the UHPC panels, web, and bearing stiffener with a coefficient of
friction of 0.3 and a damping coefficient of 0.2. A tied connection was applied to the edge nodes
of the two UHPC panels on the same side of the web since the UHPC panels encased the entire
bearing stiffener.
The LS-Dyna automatic spot weld generation was used to create the spot weld elements at
the stud locations for each of the three repair geometries shown in Figure 2.13. The final location
of the spot welds for a full-height repair are shown in Figure 5.8. The material model and contact
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definition presented in the task above were adopted based on the results of the calibrated push-out
test. This process was used for the Full Height 1, Full Height 2, and Half Height repair models and
may be applicable for testing various stud arrangements and UHPC panel geometries.

Figure 5.10: Spot weld stud arrangement along the height of the web
5.5

RESULTS AND DISCUSSION

5.5.1 As-Built Plate Girder
The first model that was created and analyzed was an as-built, uncorroded plate girder, Intact
girder. This girder was modeled to determine the as-built capacity of the steel plate girder without
corrosion damage or the UHPC repair. Although this girder was not experimentally tested,
modeling of the girder allowed for a general understanding of how the intact girder would have
performed originally. Under initial loading, the girder behaved elastically as the tension field
formed in the end panel as shown in the loading progression in Figure 5.11. The formation of the
tension field caused the end panel of the girder to fail due to fail due to global web buckling. The
failed model is shown in Figure 5.12. The images in Figure 5.11 and Figure 5.12 show the von
Mises stress distribution in the steel. The buckled shape of the web was a half sine wave. The
force-displacement curve is shown in Figure 5.13. Buckling of the web occurred under a load of
454 kip (2020 kN). After the buckling failure of the end panel, the girder was able to sustain a
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bearing load of 380 kip (1690 kN), approximately 80% of the maximum applied load. The girder
behaved ductile after failure as displacement progressed and the load was maintained. This was
the type of failure which would be expected from an as-built plate girder design at ultimate
strength. The capacity of the finite element model of the intact girder was 25% larger than the
design shear capacity of the girder, which was 360 kip (1600 kN) according to AASHTO.

Figure 5.11: As-built girder – Midspan displacement loading progression – a) 0.09-in.,
b) 0.27-in., c) 0.43-in., d) 0.57-in.
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(a)

(b)

(c)

Figure 5.12: As-built girder – Failed model – a) Overall, b) Side, c) front

Figure 5.13: Finite element bearing force vs. displacement comparison
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5.5.2 Damaged, Baseline Girder
The next model that was analyzed was a damaged plate girder with section loss applied to simulate
corrosion damage, Baseline girder. However, unlike the experimental plate girder, the section loss
was introduced to the plate girder model as a uniform section loss of the web and stiffeners. The
model may be further refined by introducing a more accurate corrosion pattern similar to that of
the experimental plate girder. The simulated corrosion damage was applied to the bearing end with
a length of 15 in. (381 mm) and a height of 5 in. (127 mm) along the web. 20% of the web’s
thickness or 0.075 in. (1.9 mm) and 40% of the stiffeners thickness or 0.2 in. (5.1 mm) was left
remaining which corresponded to 0.15 in. (3.81 mm) of corrosion on each steel surface. The
section loss applied to the stiffeners was the full width of the stiffener. This section loss reduced
the effective bearing area of the girder end by approximately 70%. The reduced cross sectional
area of the web and stiffener are shown in Figure 5.14. Reducing the cross sectional area of steel
at the bearing induced localized buckling of the web and stiffener under loading. The loading
progression of the girder is shown in Figure 5.15. The buckling damage was restricted to the
reduced section of the web and stiffener as shown Figure 5.16. The finite element model also
showed the formation of the plastic hinge region in the bottom flange of the girder after buckling
occurred, which can be seen in Figure 5.16a. The buckling failure of the damaged section was
immediate. The force-displacement curve for the Baseline finite element model is shown in Figure
5.13. The damage plate girder failed under a bearing load of 150 kip (667 kN). The 70% reduction
in the effective bearing area of the girder end reduced the capacity of the plate girder by
approximately 66%. After buckling, the plate girder was able to maintain a bearing load of 105
kip (469 kN), which was approximately 70% of the capacity.
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(a)

(b)

Figure 5.14: Simulated uniform section loss of the web and bearing stiffener – a) front,
b) side

(a)

(b)

(c)

(d)

Figure 5.15: Baseline girder – Midspan displacement loading progression – a) 0.09-in.,
b) 0.27-in., c) 0.43-in., d) 0.57-in.
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(a)
(b)

(c)

Figure 5.16: Baseline girder – Failed model – a) damaged region, b) side, c) front

5.5.3 Full Height 1 Repaired Girder
The same damaged girder model was modified with the three UHPC repairs with the same level
of section loss. To reiterate, the primary difference between the Full Height 1 repair and the Full
Height 2 repair was that the studs on the Full Height 1 repair were welded 1-in. (25.4-mm) higher
on the web and the compressive strength of the UHPC was higher than the Full Height 2 repair.
Application of the repairs drastically reduced the force demand on the damaged region of
the girder and allowed the tension field to form in the end panel of the girder. Compared to the
original, undamaged plate girder, the repairs also reduced the demand on the entire bearing column
of the steel that was encased in the UHPC panel as well as the portion of exposed steel above the
UHPC panel. The buckling of the end panel only occurred in the web which was not encased in
UHPC.
The loading progression on the Full Height 1 repaired girder is shown in Figure 5.17. The
buckling failure was a full sine wave as seen in the final failure images in Figure 5.18. The force153
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displacement curve for the model is shown in Figure 5.13. The Full Height 1 repaired girder failed
under a maximum bearing load of 555 kip (2470 kN). After buckling of the end panel, the repaired
girder maintained a bearing load of 432 kip (1923 kN), over 77% of its maximum load. It was
found that the spot welds closest to the corroded region and the end panel of the girder, initially
experienced the largest force demand as shown in Figure 5.17. The studs closest to the tension
field and the end panel were the ones which carried the initial load, however as loading progressed,
the load was shed to the other studs from the bottom of the repair to the top and from the inside of
the girder towards the end.

Figure 5.17: Full Height 1 girder – Midspan displacement loading progression – a)
0.09-in., b) 0.27-in., c) 0.43-in., d) 0.57-in.
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Figure 5.18: Full Height 1 girder – Failed model – a) Overall, b) side, c) front

5.5.4 Full Height 2 Repaired Girder
The overall behavior of the Full Height 2 repair was similar to the Full Height 1 repair. The tension
field was allowed to form in the end panel and global web buckling failure occurred as shown in
Figure 5.19. The web had a full sine wave buckled shape as shown in Figure 5.20. Figure 5.13
shows the force-displacement curve for the Full Height 2 repaired girder model. The Full Height
2 repaired girder model failed under a maximum bearing load of 551 kip (2450 kN). After buckling
of the end panel, the repaired girder maintained a bearing load of approximately 432 kip (1923
kN) which was about 78% of its maximum load. Since the studs for the Full Height 2 repair are
closer to the damaged region, they experience a larger force demand. This is also evident in the
post failure behavior of the repair. After failure, the sustained load carried by the Full Height 2
repair is smaller than the Full Height 1 repair.

Figure 5.19: Full Height 2 girder – Midspan displacement loading progression – a)
0.09-in., b) 0.27-in., c) 0.43-in., d) 0.57-in.
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Figure 5.20: Full Height 2 girder – Failed model – a) Overall, b) side, c) front

5.5.5 Half Height Repaired Girder
The Half Height repair was able to relieve the damaged region of significant force demand.
Although the half height repair had all of the shear studs clustered at the bottom of the girder’s
web, it was still able to transfer the bearing forces to the UHPC repair panel and allow the load to
bypass the damaged region. The full tension field was able to form in the Half Height repaired
girder all the way through the bearing column similar to that of the as-built, undamaged girder.
The loading progression and formation of the tension field as seen in Figure 5.21. The portion of
the bearing column above the UHPC experienced similar demands as the undamaged girder. The
girder failed due to buckling of the end panel. The buckled shape was again a half sine wave with
the bearing column and web at the end of the girder above the repair also experiencing buckling
as shown in Figure 5.22. The force-displacement curve is shown in Figure 5.13. The Half Height
repaired girder failed at a maximum bearing force of 495 kip (2200 kN). After buckling of the end
panel, the repaired girder was able to maintain a bearing load of over 402 kip (1790 kN), 81% of
the maximum capacity of the girder. The distribution of forces on the Half Height repaired girder
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was much more consistent than the full height repairs. The studs closest to the end panel still
experiences the highest stresses, but over the height of the repair the studs experience similar
stresses.

(b)

(a)

(c)

(d)

Figure 5.21: Half Height girder – Midspan displacement loading progression – a) 0.09in., b) 0.27-in., c) 0.43-in., d) 0.57-in.

(a)

(b)

(c)

Figure 5.22: Half Height girder – Failed model – a) Overall, b) side, c) front
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All three of the UHPC repairs, the Full Height 1, Full Height 2, and Half Height repaired
girders, each improved the strength of the girders over the capacity of a new, as-built girder by
22.2%, 21.4%, and 9.0%, respectively.
5.6

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

5.6.1 Overview
The global and local response of the experimental and analytical results of the full-scale plate
girder tests are compared. The overall global response was compared based on the forcedisplacement relationship and failure modes of the plate girders. The strains in the bottom flange
of the girder were compared to determine if the models captured the flexural behavior of the girder.
The local response of the repair was evaluated based on the force-panel slip relationship.
5.6.2 Overall Behavior and Failure Modes
The final condition of the experimental plate girders after testing is shown in Figure 5.23. The Von
Mises stress contours and deformed shape of the end panels of the four analytical models are shown
in Figure 5.24. Both the experimental and analytical Baseline girder models failed due to localized
buckling of the web and stiffeners within the damaged region as shown in Figure 5.25. The location
and height of the failure were similar for both the tests. The UHPC panel in the three repaired
girder tests prevented buckling failure of the damaged region. The UHPC repair cause a tension
field to form in the end panel of the analytical models for each of the repaired girders (Figure 5.24).
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(a)
(b)
(c)
(d)
Figure 5.23: Final condition of the experimental plate girder tests: a) Baseline; b) Half
Height; Full Height 1; Full Height 2
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Figure 5.24: Von Mises stress contours and deformed shape for the analytical plate girder
models: a) Baseline; b) Half Height; c) Full Height 1; d) Full Height 2

(a)

(b)

Figure 5.25: Localized buckling of the Baseline girder: a) Experimental; b) Analytical
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The experimental and analytical repaired girder tests failed due to global shear buckling of
the end panel as a result of the formation of the tension field in the web. The lateral displacement
of the web over the height of the end panel for all three repair configurations is shown in Figure
5.26. The global buckling failure observed in the experimental tests was captured by the analytical
models. The full-height repaired girders failed with a full sine wave buckled shape of the web.
While, the Half Height repaired girder failed with a half sine wave buckled shape. The analytical
model captured the bracing provided by the UHPC panel to the web of the girder through the
contact defined between the steel shell elements and the UHPC solid elements. The additional
braced height of the web provided by the UHPC panel induced a second mode buckling failure for
the two full-height repaired girders. This type of buckling is not a common shear failure mode for
typical designs of plate girder end panels.

(a)

(b)

(c)

Figure 5.26: Lateral displacement of the web over the height of the end pane l at the
ultimate capacity of the girder: a) Half Height; b) Full Height 1; c) Full Height 2
5.6.3 Force-Displacement Relationship
The relationship between the bearing reaction force and the vertical displacement of the bottom
flange beneath the loading point is shown in Figure 5.27. The ultimate shear capacities of the
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experimental and analytical tests are presented in Table 5.5. The ultimate capacity of the analytical
Baseline girder model was 57.3% larger than the experimental capacity. The experimental and
analytical results varied significantly due to the geometry of the section loss. The experimental
girder had a highly non-uniform section loss to simulate realistic field conditions. The non-uniform
section loss introduced eccentricities within the damaged region. The analytical model considered
a uniformed section loss of the web and stiffeners. The buckling failure of the damaged section in
the analytical model was a sudden elastic buckling failure, while the experimental girder
experienced a gradual plastic buckling failure. No immediate drop in load was observed in the
experimental Baseline girder. Localized yielding of the reduced section coupled with the nonuniform, eccentric loading of the web may have attributed to the plastic buckling failure observed
in the experimental test. As loading progressed, the analytical Baseline girder maintained a postfailure capacity of 105 kip (470 kN) which was only 11% larger than the ultimate capacity of the
experimental test. This indicated that the model was still able to capture the post-elastic buckling
response of the damaged girder. The results show that the accuracy of the analytical Baseline
model was directly dependent on the modeling precision of the damaged region.

(a)

(b)
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(c)

(d)

Figure 5.27: Bearing reaction force versus vertical bottom flange displacement beneath
the loading point: a) Baseline; b) Half Height; c) Full Height 1; d) Full Height 2
Table 5.5: Comparison of experimental and analytical results
Ultimate Capacity
Test
Experimental
Analytical
(kN)
(kN)
Baseline
424
667
Half Height
2,100
2,200
Full Height 1
2,350
2,470
Full Height 2
2,210
2,450
The addition of the UHPC repair did not affect the force-displacement stiffness of the plate
girders. The ultimate capacities of the analytical models for the Half Height, Full Height 1, and
Full Height 2 repaired girders were 4.8%, 5.1%, and 10.9% larger than the experimental capacities,
respectively. The post-failure capacity of the analytical models for the Full Height 1 and Full
Height 2 repaired girders were 5.7% and 2.7% smaller than the experimental post-failure
capacities, respectively. The post-failure capacity of the analytical model for the Half Height
repaired girder was within 1% of the experimental results. This comparison indicates that the
analytical model accurately captured the ultimate shear capacity of the end panel as well as the
post-failure capacity of the repaired girders.
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The analytical model of the Full Height 2 repair exhibited the lowest accuracy compared
to the experimental results. When comparing the two full-height repair analytical models, the
ultimate capacities of the models were within 1%. Whereas, the experimental results for the fullheight repairs had a difference of 6.3%. The full-height repairs varied based on compressive
strength of the UHPC and the location of the shear studs. The compressive strength of the UHPC
for the Full Height 1 repair was 16% larger than the Full Height 2 repair. The studs on the Full
Height 1 repair were welded 1 in. (25.4 mm) higher than on the Full Height 2 repair. Since the
results of the analytical model indicated that varying these parameters did not have an impact on
the capacity in contrast to the experimental tests, the difference in capacities may be attributed to
small imperfections in the experimental test of the Full Height 2 repaired girder.
5.6.4 Flexural Behavior
The relationship between the strains in the bottom flange along the length of the plate girder is
shown in Figure 5.28. The strain values presented were measured at the maximum capacity of the
plate girders. Accurately modeling the flexural behavior exhibited in the experimental tests was
necessary for all four analytical models. This was a critical check to ensuring that the overall setup
of the model was properly defined. The results indicated that the overall performance observed in
the experimental tests of both the unrepaired and repaired plate girders under bending was
captured.
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(a)

(b)

(c)

(d)

Figure 5.28: Flexural strain in the bottom flange along the length of the girder at the
ultimate capacity of the girder: a) Baseline; b) Half Height; c) Full Height 1; d) Full
Height 2
The flexural results of the Baseline girder were further analyzed to determine if the
analytical model experienced yielding in the bottom flange caused by the redistribution of forces.
In the experimental Baseline girder, a plastic hinge formed in the bottom flange directly adjacent
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to the bearing after buckling of the end panel. The formation of the plastic hinge was caused by
the transfer of forces from the crippled web to the bottom flange. Fig. 17 shows the bearing force
versus bottom flange strain for both the experimental and analytical tests. The strains were
measured on the bottom of the bottom flange 2 in. (51 mm) from the face of the bearing. The
bottom flange exhibited yielding in both the analytical model and the experimental test. This
confirms that the finite element model captured the plastic behavior of the plate girder even after
localized buckling of the web.

Figure 5.29: Bearing reaction force versus strain in the bottom flange adjacent to the
bearing of the Baseline girder
5.6.5 Performance of the UHPC Repair
The performance of the UHPC repair is directly dependent on the interaction between the web, the
shear studs, and the UHPC panels. The performance may be evaluated by analyzing the
relationship between the bearing reaction force and the relative slip displacement between the web
of the girder and the UHPC panel. The force-slip relationship for the repaired girders is shown in
Fig. 18. The spot weld model used in the finite element models replicated the behavior of the
headed shear studs observed in the experimental tests. The force-slip stiffness of the finite element
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models was comparable to the stiffness of the experimental repair. Yielding of the studs initiated
after buckling of the end panel confirming the plastic response of the spot welds.

(a)

(b)

(c)

Figure 5.30: Bearing reaction force versus relative slip displacement between the web
and UHPC panel: a) Half Height; b) Full Height 1; c) Full Height 2
The maximum UHPC panel slips of the analytical Half Height, Full Height 1, and Full
Height 2 repaired girders were 64%, 29%, and 15% larger than the experimental results,
respectively. The analytical model over-predicted the level of slip that occurred after yielding of
the studs was initiated. The larger slip displacements displayed in the analytical models may be
attributed to uncertainties in modeling assumptions. This includes the shear stud material, UHPC
material, bond between the UHPC and web, or additional load demands that were not considered
during calibration of the spot weld models. The Half Height repair had the largest difference
between the slips observed in the analytical and experimental tests. The studs in the Half Height
experimental test remained elastic. Negligible yielding was observed in the studs of the
experimental Half Height repair even after buckling of the end panel.
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6
6.1

Summary and Conclusion
SUMMARY

The research discussed in this dissertation focuses on the full-scale testing and evaluation of a
novel repair method for corroded steel girders using Ultra High-Performance Concrete. The repair
method involved welding headed steel shear studs to the intact portion of the web and encasing
the corroded region with UHPC. The research encompasses both experimental tests and analytical
validation.
Four full-scale plate girders were experimentally tested in a modified three-point bend test
setup to assess the constructability and structural performance of the repair. The Baseline girder
contained simulated section loss to investigate the capacity and failure mode prior to
implementation of the repair. The goal was to determine the effect of the damage on the bearing
capacity of the plate girder. Three girders with a similar level of damage were retrofitted with three
UHPC repair configurations to assess the ability of the repair to restore the capacity loss due to
deterioration of the web and bearing stiffener. Two full-height repairs and one half-height repair
were tested with 28 headed shear studs welded to the undamaged web of each girder. The results
of the study were analyzed: 1) assess the structural performance of the repair, 2) identify the best
construction practices, and 3) confirm the feasibility of implementing the repair under service
loads.
Through the construction of the UHPC repairs, it was determined the studs could be welded
to the girder in various arrangements. For the Half Height repair, the studs were welded in a
relatively tight staggered pattern with a vertical and horizontal spacing of 4.5db and 4db,
respectively. The experimental tests used conventional formwork made from plywood and timber.
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The formwork was watertight and secured to the girder to prevent leakage of the highly flowable
UHPC material. It was determined that the UHPC may be cast directly into the formwork from
underneath the bridge. In situations where end diaphragms or concrete deck haunches prevent
casting from beneath the bridge, either half-height repairs should be used or the UHPC should be
cast from the top of the deck. No adverse effects were observed in the UHPC curing or structural
testing of the Full Height 2 repaired girder, which was cast under service level vibrations.
Therefore, implementation of the proposed repair method may be feasible under live load traffic
to minimize lane closures.
The simulated corrosion damage reduced the effective bearing area of the Baseline girder
by over 55%, which ultimately reduced the bearing capacity of the girder to 23% of the as-built
shear capacity. The Full Height 1, Full Height 2, and Half Height repaired girders were able to
increase the bearing capacity by 46%, 38%, and 31% of the as-built shear capacity, respectively.
The repaired girders failed due to web buckling of the end panel with a ductile failure response.
The strains in the web and shear studs of all three repairs indicated the successful transfer of forces
from the web of the girder to the UHPC repair. Although the Half Height repair had a lower
ultimate capacity, only 10-15% of the slip displacement capacity of the studs was used, while the
studs in the full-height repairs used 60-80% of the maximum capacity.
The results from the experimental tests confirm the ability of the proposed UHPC repair to
restore the capacity of a plate girder that has experienced severe corrosion damage. The repair has
been proven as a valid, cost-effective alternative to conventional repair methods to efficiently
repair corrosion damage of steel bridges. The repair method may be used to repair steel bridges
with complex geometries and configurations. It may be implemented in-situ to eliminate the need
for jacking, reduce traffic disruptions, and prevent lane closures.
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Analytical finite element models were created to validate the results of the experimental
tests. The analytical models were developed in LS-Dyna for push-out tests conducted on shears
studs embedded in UHPC and the four full-scale tests conducted on corroded plate girders. The
formulation of material models and development of model definitions are presented to facilitate
future research or application of the UHPC repair method. The performance of the repair is directly
dependent on the behavior of the headed shear studs and the interaction between the web of the
girder and UHPC panels. An innovative modeling methodology was developed for the UHPC
material model, the shear stud definition, and the UHPC-stud interaction. A novel approach was
taken to model the headed shear studs as spot welds in LS-Dyna. The design methodology
efficiently modeled these key elements implicitly overall simplifying of the finite element model.
Comparison between the experimental and analytical results showed good prediction of the
global and local responses of the full-scale plate girder models with and without the UHPC repair.
The analytical model accurately captured the overall behavior and failure modes of all full-scale
experimental tests. The flexural behavior of the analytical model confirmed the accurate
representation of the overall setup including the plate girder geometry and material models.
The analytical model of the as-built plate girder or Intact girder showed that the capacity
was 25% larger than the design shear capacity according to AASHTO. Reducing the bearing area
of the Baseline girder by 70% reduced the capacity by approximately 66% compared to the Intact
girder. However, the stability of the Baseline girder was not accurately captured by the finite
element model, although the location and height of the buckling failure were similar for both the
experimental and analytical tests. Modeling the corrosion damage as a uniform section loss
simplified the analytical models, but resulted in an inaccurate prediction of the ultimate bearing
capacity of the Baseline girder. If more accurate results are required, individual thicknesses may
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be applied to nodes within the damaged region based on measured values. Individual nodes may
also be offset based on the difference in the level of section loss on either side of the web and
stiffeners to introduce eccentricities. The Baseline girder model did capture yielding of the bottom
flange after buckling of the end panel. The ability to accurately capture the inelastic behavior
highlights the robustness and efficiency of the analytical model for plastic analysis.
The results from the analytical Full Height 1 and Full Height 2 repaired girder tests were
comparable. However, the results of the two experimental tests varied. This indicated that the
location of the headed shear studs along the height of the web and the compressive strength of the
UHPC may not have had a significant effect on the capacity of the repair. The difference in
capacity may have been caused by imperfections in the experimental test. The full-scale analytical
models of the repair over-predicted the relative slip displacement between the UHPC panel and
the web of the girder. The additional yielding exhibited in the analytical spot welds may be due to
additional axial, shear, or eccentric loadings present within the model. Refinements may be made
to the formulation of the spot weld definition or the contact definition between the web and UHPC
to improve the post-buckling accuracy of the analytical spot weld models. The spot weld definition
presented was able to capture the response observed in the experimental tests including the
ductility and shear failure of the headed studs.
The analytical models presented may be used to evaluate the performance of the proposed
UHPC repair method for corroded steel plate girders. The LS-Dyna spot weld definition presented
may be used to efficiently model headed shear studs used as shear connectors for the repair. The
simplified approach presented may be used by researchers and engineers to efficiently and
effectively analyze the performance of the repair for designs with varying stud diameters, stud
layouts, and UHPC panel geometries.
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6.2

CONCLUSIONS

The following conclusions presented are for the experimental and analytical research conducted
on the full-scale testing of a novel repair method for corroded steel girders using UHPC.


The UHPC panel was easily formed and cast to encase the corroded bearing end with
conventional wood forms and Ductal JS1000 and JS1212 UHPC



Custom formwork may be designed and manufactured to encased complex girder end
geometry even in the presence of bearing stiffeners, end diaphragms, and a concrete deck
haunch



Vibrations induced on the girder during curing of the UHPC for the Full Height 2
repaired girder had negligible effect on the performance of the repair



Significant section loss at the bearing end drastically decreased the bearing and shear
capacity of a full-scale plate girder. Application of the UHPC repair drastically reduced
the strain demand on the corroded region of the girder



All three UHPC repairs tested were able to increase the capacity of the plate girder over
30% larger than the original design capacity with only 28 0.5-in. (12.7 mm) diameter
headed shear studs welded to the intact web of the girder



The capacity of the repaired girder was not dependent on the configuration and layout of
the shears studs. However, the bottom studs of the repair experienced the largest strain
demand for all three repaired girders



The geometry of the UHPC panel did effect the performance of the repair. The halfheight UHPC repair had a lower capacity compared to full-height repairs, however the
demand placed on the shear studs was significantly lower due to the out-of-plane demand
the web exerts on the UHPC panel. The additional bracing of the web provided by the
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full-height repairs increasing the capacity of the girder and forcing second mode buckling
of the end panel compared to the first mode buckling observed in as-built plate girders
and the experimental half-height repaired girder


The analytical model accurately captured the overall behavior and failure modes of all
full-scale experimental tests including the plastic behavior of the girder and studs



Modeling the corrosion damage as a uniform section loss did not accurately capture the
stability of the damaged region



The spot weld definition presented was able to accurately capture the response observed
in the experimental tests including the ductility and shear failure of the headed studs

6.3

DESIGN AND CONSTRUCTION RECOMMENDATIONS

One of the main goals of this phase of the research project was to provide guidelines for
engineers to use when implementing the repair. These recommendations were based off the
findings of research presented in this report.


A large majority of the research conducted was performed on 0.5 in. (12.7 mm) diameter
headed shear studs, care should be taken when implementing the repair with larger
diameter studs or the alternative shear connectors



The shear capacity of an individual stud has been found to be larger than predicted values
by AASHTO, the additional capacity should be conservatively excluded in design. This
conservative design approach will account for uncertainties with the quality of weld
collars



The total number of studs for the design should be determined by dividing the target
capacity by the design shear capacity of an individual stud
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For general load rating purposed, the capacity of the repaired girders should be
conservatively assumed to be 100% of the as-built capacity (without any section loss).
The increase in capacity from the UHPC repair should be ignored



The additional capacity that may be gained from the UHPC repair may be considered on
a case-by-case basis, only when there is a need to improve the existing load carrying
capacity of the girder



The minimum spacing, clear cover, and distance from the edge of the girder or
deteriorated area for the shear studs should be 4db for typical layout designs, where db is
the diameter of the stud



Full-height repairs encasing the entire bearing end should be used to achieve the highest
capacity



Half-height repairs should be used to reduce construction complexities including reduced
volume of UHPC and the ability to cast the UHPC from beneath the bridge. This will
avoid extensive lane closures and the need to drill core holes through the deck



Avoid welding studs back-to-back on the web of the girder to reduced web bearing
demand



Studs should be welded on the uncorroded portions of the girder. The surface should be
Power-Tool Clean and free of loss material (SSPC-SP 3)



Jacking of the superstructure is not required during implementation of the UHPC repair.
UHPC may be cast while the bridge is in service



Conventional wood forms may be used, but forms should be water tight due to the
fluidity of the UHPC
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Caulk and epoxy products used for ensuring water-tightness should have an accelerated
curing time, so the UHPC may be cast with minimal waiting time



The formwork in contact with the UHPC should have a non-absorbing finish



The compression strength of the UHPC should be a minimum of 18 ksi (124 MPa) after
curing for 28 days

6.4

FUTURE RESEARCH

The research completed under this project focuses on the full-scale performance of the UHPC
repair for three different repair configurations. Future experimental and/or analytical research is
needed to investigate the following:


The performance of larger diameter studs and alternative shear connectors for full-scale
application of the repair



The use of other UHPC materials to evaluate their effect on construction and the strength
of the repair especially casting and bond strength



The fatigue performance of the repair for long-term applications should be evaluated



The effect of moment demand on the repair if the damaged region extends past the
bearing end or is located in other regions of the girder



Development of a standardized design which may be used to repair a wide variety of
existing conditions and bridge geometries including the effects of torsional buckling in
highly skewed and curved bridges
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APPENDIX Experimental Data

7.1
BASELINE – CORRODED DAMAGED GIRDER
7.1.1 Force Data

Figure 7.1: Baseline girder studied end load cell (Beta); Normal, Shear (X,Y), & Moment (X,Y)
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Figure 7.2: Baseline girder studied end load cell (Alpha), mV/V
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Figure 7.3: Baseline hydraulic load ram pressure a) supply, b) return
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7.1.2 Displacement Data

Figure 7.4: Baseline vertical displacement at the point of loading VM) displacement of bottom
flange, VFS) stiffness of load frame, VFBL/R) displacement of bottom flange, VSTL/R)
displacement of top flange

184

7 Appendix Experimental Data

Figure 7.5: Baseline vertical displacement of the bottom flange at the bearing
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Figure 7.6: Baseline displacement of the bearing (Beta)

Figure 7.7: Baseline displacement of the bearing (Alpha)
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Figure 7.8: Baseline shear box displacement
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Figure 7.9: Baseline end of web horizontal displacement
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Figure 7.10: Baseline middle of end panel web horizontal displacement
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Figure 7.11: Baseline flange splice horizontal slip displacement

Figure 7.12: Baseline web splice vertical slip displacement
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7.1.3 Strain Data

Figure 7.13: Baseline stiffener strain
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Figure 7.14: Baseline bearing web strain
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Figure 7.15: Baseline web bearing strain (additional)
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Figure 7.16: Baseline top flange strain
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Figure 7.17: Baseline bottom flange strain
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Figure 7.18: Baseline flange strain (additional)

196

7 Appendix Experimental Data

Figure 7.19: Baseline triaxial web strain – Vertical Strain
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Figure 7.20: Baseline triaxial web strain – Compressive Strain
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Figure 7.21: Baseline triaxial web strain – Tensile Strain
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Figure 7.22: Baseline Disktron bearing strain (Alpha)
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Figure 7.23: Baseline Disktron bearing strain (Beta)
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7.2
FULL HEIGHT 1 – JS1000 UHPC REPAIR
7.2.1 Force Data

Figure 7.24: Full height 1 girder studied end load cell (Beta); Normal, Shear (X, Y), & Moment
(X, Y)
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Figure 7.25: Full height 1 girder studied end load cell (Alpha), mV/V
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Figure 7.26: Full height 1 hydraulic load ram pressure a) supply, b) return
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7.2.2 Displacement Data

Figure 7.27: Full height 1 vertical displacement at the point of loading VM) displacement of
bottom flange, VFS) stiffness of load frame, VFBL/R) displacement of bottom flange, VSTL/R)
displacement of top flange
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Figure 7.28: Full height 1 vertical displacement of the bottom flange at the bearing
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Figure 7.29: Full height 1 displacement of the bearing (Beta)

Figure 7.30: Full height 1 displacement of the bearing (Alpha)
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Figure 7.31: Full height 1 shear box displacement
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Figure 7.32: Full height 1 end of web horizontal displacement
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Figure 7.33: Full height 1 middle of end panel web horizontal displacement
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Figure 7.34: Full height 1 flange splice horizontal slip displacement

Figure 7.35: Full height 1 web splice vertical slip displacement
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Figure 7.36: Full height 1 slip between UHPC panel and the web
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7.2.3 Strain Data

Figure 7.37: Full height 1 stiffener strain
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Figure 7.38: Full height 1 bearing web strain
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Figure 7.39: Full height 1 top flange strain
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Figure 7.40: Full height 1 bottom flange strain
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Figure 7.41: Full height 1 flange strain (additional)
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Figure 7.42: Full height 1 triaxial web strain – Vertical Strain
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Figure 7.43: Full height 1 triaxial web strain – Compressive Strain
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Figure 7.44: Full height 1 triaxial web strain – Tensile Strain
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Figure 7.45: Full height 1 axial stud strain
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Figure 7.46: Full height 1 biaxial strain above studs
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Figure 7.47: Full height 1 bearing diaphragm pressure transducer strain (Alpha)
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Figure 7.48: Full height 1 bearing diaphragm pressure transducer strain (Beta)
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7.3
FULL HEIGHT 2 – JS1212 UHPC REPAIR
7.3.1 Force Data

Figure 7.49: Full height 2 girder studied end load cell (Beta); Normal, Shear (X, Y), & Moment
(X, Y)

225

7 Appendix Experimental Data

Figure 7.50: Full height 2 girder studied end load cell (Alpha), mV/V
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Figure 7.51: Full height 2 hydraulic load ram pressure a) supply, b) return
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7.3.2 Displacement Data

Figure 7.52: Full height 2 vertical displacement at the point of loading VM) displacement of
bottom flange, VFS) stiffness of load frame, VFBL/R) displacement of bottom flange, VSTL/R)
displacement of top flange
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Figure 7.53: Full height 2 vertical displacement of the bottom flange at the bearing
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Figure 7.54: Full height 2 displacement of the bearing (Beta)

Figure 7.55: Full height 2 displacement of the bearing (Alpha)
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Figure 7.56: Full height 2 shear box displacement
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Figure 7.57: Full height 2 end of web horizontal displacement
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Figure 7.58: Full height 2 middle of end panel web horizontal displacement
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Figure 7.59: Full height 2 flange splice horizontal slip displacement

Figure 7.60: Full height 2 web splice vertical slip displacement
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Figure 7.61: Full height 2 slip between UHPC panel and the web
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7.3.3 Strain Data

Figure 7.62: Full height 2 stiffener strain
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Figure 7.63: Full height 2 bearing web strain
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Figure 7.64: Full height 2 top flange strain
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Figure 7.65: Full height 2 bottom flange strain
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Figure 7.66: Full height 2 flange strain (additional)
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Figure 7.67: Full height 2 triaxial web strain – Vertical Strain
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Figure 7.68: Full height 2 triaxial web strain – Compressive Strain
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Figure 7.69: Full height 2 triaxial web strain – Tensile Strain
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Figure 7.70: Full height 2 axial stud strain
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Figure 7.71: Full height 2 biaxial strain above studs
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Figure 7.72: Full height 2 bearing diaphragm pressure transducer strain (Alpha)
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Figure 7.73: Full height 2 bearing diaphragm pressure transducer strain (Beta)
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7.4
HALF HEIGHT – JS1212 UHPC REPAIR
7.4.1 Force Data

Figure 7.74: Half height girder studied end load cell (Beta); Normal, Shear (X, Y), & Moment
(X, Y)
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Figure 7.75: Half height girder studied end load cell (Alpha), mV/V
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Figure 7.76: Half height hydraulic load ram pressure a) supply, b) return
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7.4.2 Displacement Data

Figure 7.77: Half height vertical displacement at the point of loading VM) displacement of
bottom flange, VFS) stiffness of load frame, VFBL/R) displacement of bottom flange, VSTL/R)
displacement of top flange
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Figure 7.78: Half height vertical displacement of the bottom flange at the bearing
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Figure 7.79: Half height displacement of the bearing (Beta)

Figure 7.80: Half height displacement of the bearing (Alpha)
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Figure 7.81: Half height shear box displacement
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Figure 7.82: Half height end of web horizontal displacement
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Figure 7.83: Half height middle of end panel web horizontal displacement
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Figure 7.84: Half height flange splice horizontal slip displacement
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Figure 7.85: Half height web splice vertical slip displacement

Figure 7.86: Half height slip between UHPC panel and the web
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7.4.3 Strain Data

Figure 7.87: Half height stiffener strain
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Figure 7.88: Half height lower bearing web strain

260

7 Appendix Experimental Data

Figure 7.89: Half height upper bearing web strain
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Figure 7.90: Half height top flange strain
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Figure 7.91: Half height bottom flange strain
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Figure 7.92: Half height flange strain (additional)
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Figure 7.93: Half height triaxial web strain – Vertical Strain
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Figure 7.94: Half height triaxial web strain – Compressive Strain
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Figure 7.95: Half height triaxial web strain – Tensile Strain
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Figure 7.96: Half height axial stud strain
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Figure 7.97: Half height biaxial strain above studs
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Figure 7.98: Half height bearing diaphragm pressure transducer strain (Alpha)
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Figure 7.99: Half height bearing diaphragm pressure transducer strain (Beta)
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